Astronomy & Astrophysics manuscript no. lick'6 


February 2, 2008 


(DOI: will be inserted by hand later) 





The sensitivity of Lick indices to abundance variations 



A.J. Korn *, C. Maraston**, and D. Thomas* 



Max-Planck-Institut fur extraterrestrische Physik (MPE), GiessenbachstraBe, 85748 Garching, Germany 



in 
o 
o 

(N 

u 
Oh! 

< 



> 

in 

o 
in 
o 

Of 

6 



submitted Oct. '04; accepted April '05; Tables 6-32 are available electronically at www-astro.physics.ox.ac.uk/~dthomas 

Abstract. We present results of model atmosphere/line formation calculations which quantitatively test how the 21 classical 
and four higher-order Balmer-line Lick/IDS indices (Worthey et al, 1994; Worthey & Ottaviani 1997) depend on individual 
elemental abundances (of carbon, nitrogen, oxygen, magnesium, iron, calcium, natrium, silicon, chromium, titanium) and over- 
all metallicity in various stellar evolutionary stages and at various metallicities. At low metallicities the effects of an overall 
enhancement of fy-elements are also investigated. The general results obtained by Tripicco & Bell 1 1995 I at solar metallicity 
are confirmed, while details do differ. Tables are given detailing to which element every index reacts significantly, as a function 
of evolutionary stage and composition. 

This work validates a number of assumptions implicitly made in the stellar population models of Thomas, Maraston & Bender 
(2003a i, which utilized the results of Tripicco & Bell 1 19951 to include the effects of element abundance ratios variations. In 
particular, these computations confirm that fractional changes to index strengths computed at solar metallicity (and solar age) 
can be applied over a wide range of abundances and ages, also to model old stellar populations with non-solar abundance 
ratios. The use of metallicity-dependent response functions not only leads to a higher degree of self-consistency in the stellar 
population models, but is even required for the proper modelling of the Balmer-line indices. We find that the latter become 
increasingly sensitive to element abundances with increasing metallicity and decreasing wavelength. While H/3 still responds 
only moderately to abundance ratio variations, the higher-order Balmer indices Hy and H<5 display very strong dependencies 
at high metallicities. As shown in Thomas, Maraston & Korn (2004), this result allows to remove systematic effects in age 
determinations based on different Balmer-line indices. 
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1. Introduction 

In order to constrain galaxy formation models, and with it the 
cosmological evolution of the baryonic Universe, the analysis 
of stellar populations is of primary importance, because it pro- 
vides the unique way of measuring the metal enrichment and 
the epoch(s) of star formation. Furthermore, if it was possible 
to measure the relative abundances of individual elements in in- 
tegrated spectra, in the same way one does for single stars (e.g. 
magnesium, iron, calcium, oxygen), this would provide further 
important information on the detailed chemical enrichment. In 
massive galaxies the situation is, however, more complicated. 
The dispersion of the velocity distribution significantly reduces 
the intrinsic spectral resolution, in other words single absorp- 
tion lines are not resolved. Typical galaxy spectra exhibit rela- 
tively broad absorption features, that contain a huge number of 
lines from a large variety of chemical elements. This obviously 
complicates the chemical abundance analysis. 
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Substantial progress in exploiting galaxy spectra 
has been made by the Lick group who defined a set 
of so-called absorption-line indices in the visual region 
(4000 A < A < 6400 A) with relatively wide band-passes on the 
feature (AA ~ 20 - 40 A) and two windows blue- and redward 
of the band-pass defining pseudo-continua (Burstein et al. 
1984 1. The various indices were measured on a large sample 
of Milky Way stars, mostly located in the solar vicinity, and 
were related with the stellar parameters, effective temperature 
(Teff), surface gravity (g), total metallicity (Z), by analytical 
relations, known as the Lick fitting functions (Gorgas et al. 
1993 Worthey et al. U994> . The latter are then plugged into an 
evolutionary synthesis code which produces integrated Lick 
indices for stellar population models (Worthey 1994). The 
comparison of galaxy data with these models allows one in 
principle to quantify the metallicity of the galaxy. 

It had been realized from the very start, that the interpreta- 
tion of the Lick indices would not be as simple as the nam- 
ing of the indices suggests. The modelled Lick indices fail 
to match the data of elliptical galaxies (Worthey et al. [1994 
Davies, Sadler & Peletier [T993I Carollo & Danziger IT9941 . 
more specifically magnesium indices were found to be much 
stronger than predicted by the models at a given iron index. 
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The calibration of the models with globular cluster (GC) data 
having abundance patterns known from high-resolution spec- 
troscopy have secured the conclusion that the mismatch is in- 
deed caused by an elemental abundance effect, in particular an 
enhanced [a/Fe] ratio (Maraston et al. 2003 1. There are several 
astrophysical environments that have non-solar elemental pro- 
portions, which urges the computation of models for a variety 
of chemical mixtures. This task is difficult to accomplish em- 
pirically by using observed spectra, because these are bound to 
trace the specific chemical history of the portion of Universe 
the stars were born in (cf. efforts of Borges et al. 1995 Idiart et 
al. llW71 Lejeune et al. [lW7l and LeBorgne et aL EODfl . 

The theoretical approach has the undoubted advantage of 
allowing a much larger variety of chemical mixtures and ages, 
and was the way embarked on by the seminal study of Tripicco 
& Bell (1995, hereafter TB95). The authors investigated how 
the 21 original indices depend upon individual abundance vari- 
ations for representative positions along a solar-metallicity 
5 Gyr isochrone. On the whole, their calculations succeeded in 
reproducing many of the observed index strengths, while some 
deficits were uncovered. 

Thomas, Maraston & Bender (2003a, hereafter TMB03) 
have implemented the results by TB95 for the individual stars 
in a theoretical scheme, using an extension of the method in- 
troduced by Trager et al. (2000). This allows the computation 
of a complete stellar population model, thereby providing inte- 
grated Lick indices for a variety of chemical mixtures. In first 
applications, a/Fe and Ca/Fe ratios of early-type galaxies have 
been derived (Thomas, Maraston, Bender 2003b Thomas et al. 
120041 . 

Although the models have been carefully calibrated to re- 
produce the absorption lines of globular clusters with known 
element abundance ratios, a number of approximations have 
entered their modelling, due to the limited range of results pub- 
lished by TB95. 

Firstly, TB95 measured the index variations for solar metal- 
licity only, while the corresponding partial derivatives have 
been applied by TMB03 to a large range of chemical composi- 
tions. Although the calibrating GCs span a wide range in metal- 
licities, super-solar metallicities are not covered, while they are 
very important for many applications. Also, the very low metal- 
licities encountered in Halo GCs ([Z/H] ~ -2) remain to be 
calibrated. 

Secondly, TB95 selected the three representative stars, a main- 
sequence dwarf, a turnoff and a giant star on a 5 Gyr isochrone 
(shown to match the colour-magnitude diagram of the open 
cluster M67), while TMB03 used the results for these stars to 
compute models for a wide range of ages from 1 to 15 Gyr (and 
thus a range of stellar parameters as well). 

Thirdly, TB95 analysed the classical Lick indices, while ab- 
sorption indices in other wavelength ranges are nowadays in 
wide use, and especially for high-redshift galaxies bluer wave- 
length settings are required. 

The principle goal of the present paper is to verify and 
extend the work of TB95, the prior by using an independent 
model atmosphere code, the latter by investigating how all 25 
Lick indices react to abundance variations at different metal- 
licities. That is, we extend the computations to include the 



four higher-order Balmer-line indices Wja, Hy^, H6a, W6f de- 
fined by Worthey & Ottaviani (1997) and the modification of 
the Fe5270 index by the SAURON collaboration (Davies et al. 
2001 1 Falcon-Barroso et al. 2004 H. Kuntschner, private com- 
munication). 

Section 2 describes the computations we have performed 
and confronts the synthetic spectra with high-resolution spec- 
tra of the Sun and Arcturus. In Section 3 the derived index val- 
ues are compared with the computations by TB95 and the em- 
pirical fitting functions (relating line index strengths and stel- 
lar parameters, hereafter referred to as FFs) of Worthey et al. 
( 1994). The behaviour of every index to abundance variations 
is subsequently discussed individually. Section 4 puts the new 
computations in the context of stellar population models, while 
Section 5 summarizes our results. 

2. Computations 

2.1. Model Atmospheres 

All spectra and indices presented below are based on the model 
atmosphere code originally written by T. Gehren (Gehren 
I1975al b) and later named MAFAGS. Just like e. g. ATLAS 
(Kurucz fl993al or MARCS (Gustafsson et al. [T975l , this code 
produces model temperature structures for the photospheres 
of cool stars assuming a plane-parallel geometry in hydro- 
static equilibrium and LTE. The models are flux-conserving 
and line blanketed by means of Opacity Distribution Functions 
(ODFs, Kurucz 1993b I. As these ODFs were computed assum- 
ing 1 log e(Fe) = 7.67, we rescale them by -0.16dexto account 
for the low solar iron abundance of log e(Fe) = 7.50 + 0.05 
as given by Grevesse & Sauval (1998 1. For all models of all 
metallicities ODFs with a microturbulence of 1 km/s were used, 
while the microturbulence entering the line formation calcula- 
tion was allowed to vary between 1 km/s and 2.5 km/s. 

Convection is approximated by mixing-length theory 
(Bohm- Vitense IT9581 . No overshooting is considered. Unlike 
in the other codes mentioned above, a mixing length 
ffconv = l/Hp = 0.5 is used in order to simultaneously model Ha 
and the higher Balmer lines (cf. Fuhrmann et al. 1993 and van't 
Veer-Menneret & Megessier 1996 1. This choice has little effect 
on metal lines, as they, in contrast to H/3 and higher members 
of the Balmer series, form at optical depths in which the flux 
is predominantly carried by radiation. A low convective effi- 
ciency leads to a steeper temperature gradient at high optical 
depths which alters the line formation of H/3 and the higher- 
order Balmer lines (see below and Section 3). 

It is worth noticing that in the framework of a refined the- 
ory of convection (Canuto & Mazzitelli 1992 1 a single value of 
a CO nv is capable of fulfilling the constraints of stellar evolution 
(i.e., reproducing the solar radius at the solar age) and Balmer 
profile fitting (Bernkopf 1998 1. 

Following TB95, we have calculated model atmospheres 
with solar abundance ratios and ones with the abundances of 
carbon, nitrogen, oxygen, magnesium, iron, calcium, sodium, 
silicon, chromium and titanium each doubled in turn. In ad- 
dition, we have also increased the overall metallicity [Z/H] of 

1 loge(Fe) = log(/i F e/«H) + 12 



A.J. Korn et al.: The sensitivity of Lick indices to abundance variations 



3 



the model by +0.3 dex from each base metallicity 2 [Fe/H] of 
{+0.67, +0.35, 0.0, -0.35, -1.35, -2.25). Only in the latter 
case the ODF was changed according to the modified metallic- 
ity isolating the abundance effect whenever a single elemental 
abundance was varied. This assumes that the element whose 
abundance is varied behaves like a trace element and its vari- 
ation has no effect on the temperature structure of the atmo- 
sphere. For most of the elements considered here, this is a valid 
assumption. It is not in two cases: iron and carbon. As iron is 
responsible for more than half of all line blanketing effects, the 
true index change due to varying the iron abundance will be 
somewhere between what is tabulated as 'Fe' and '[Z/H]'. 

Carbon is an even more complicated case. Enhancing C 
by 0.3 dex brings the C/O ratio so close to unity that a carbon 
star is produced. While the according changes to the molecular 
equilibria of C 2 , CH, CO and CN are properly accounted for in 
the line formation, the feedback of the significantly modified 
line blanketing of carbon-star spectra on the underlying atmo- 
spheric structure cannot be modelled in an ODF approach to 
calculating model atmospheres. This can lead to dramatically 
overestimated (or underestimated) index strengths. Worthey 
( 2005 1 argues that the excess of carbon (the fraction not locked 
up in CO) in the C-enhanced models of TB95 overestimates the 
true sensitivity of certain indices to carbon, as the Swan bands 
of C2 react quadratically to the carbon abundance. This is cor- 
rect, but not the main cause for a potential overestimation of the 
sensitivity. Rather, we believe it is caused by the shortcomings 
inherent to the ODF approach (also adopted by TB95) when 
applied to carbon stars. 

To guide the reader in an attempt to assess the reliability 
of the index variations due to carbon, we have computed ad- 
ditional sequences for the solar-metallicity stars tabulated in 
Tables 12- 14: carbon was enhanced by 0.15 dex only (column 
15). This smaller increase will not produce a carbon star and re- 
flects the approach taken by Houdashelt et al. (2002 1. Another 
attempt was performed by increasing both carbon and oxygen 
by 0.3 dex, thus preventing the formation of a carbon star. The 
"CO. 15" sequence ought to correctly predict the sensitivity to 
an increase of carbon by 40%. "C+O0.3" - "O" (column 16 
- column 6) is deemed a better proxy to the actual C variation 
that what is tabulated in column 4. As carbon was not varied 
in TMB03, this whole problem has no impact on the scientific 
results published so far. 

For solar metallicity, three representative models along a 
1 Gyr isochrone were also computed. They allow an assessment 
of the overall influence the parameter 'age' has on the index 
strengths, mainly via increased turnoff temperatures. 

For the two lowest metallicities additional sequences were 
computed in which a global enhancement of the a elements by 
a factor of two was assumed. This change in abundance was 
assumed not to influence the stellar parameters, to be able to 
isolate the effect of a enhancement. To be consistent with pre- 
vious assumptions (TMB03), a elements were chosen to in- 
clude O, Ne, Mg, Si, S, Ar, Ca, Ti (particles that are build up 
with o--particle nuclei) plus the elements N and Na. The abun- 
dance of C was kept fixed at the base metallicity, such that the 

2 [Fe/H] = log £(Fe), - log e(Fe) 



a enhancement is compensated for by a deficit of iron-group 
elements. For more details on this point, see TMB03. 

2.2. Synthetic Spectra 

For computing the emergent spectral energy distribution we 
utilize the line formation code LINFOR which is derived from 
MAFAGS. It has to be realized that the traditional two-step ap- 
proach to calculating spectra (step 1: determining the tempera- 
ture structure and partial pressures, step 2: calculating the spec- 
trum) is a convenient, but artificial, separation of the one task 
of solving the radiative transfer equation with boundary condi- 
tions. It is convenient, as (in codes like ATLAS or MAFAGS) 
a resolution of 20 A (the resolution of the ODFs) is enough to 
compute realistically blanketed model temperature structures 
in step 1, while the use of a line formation code (like SYNTHE 
for ATLAS, SSG for MARCS or LINFOR for MAFAGS) in 
principle allows one to compute spectra at arbitrary resolutions. 

LINFOR considers the formation of lines for 37 elements 
and 14 diatomic molecules: H 2 , CH, NH, OH, C 2 , CN, CO, 
N 2 , NO, 2 , MgH, SiH, CaH and TiO. Triatomic molecules 
are currently not included. All important external broadening 
mechanisms are considered, i.e. Doppler, van-der-Waals, reso- 
nance and Stark broadening. In the specific case of Fe 1, log C6 
values were determined to be 0.15 dex smaller than those pro- 
posed by Anstee & O'Mara ( 1995 1 and changed accordingly 
(see Gehren et al. 2001 for more details). For most of the other 
elements, log C(, values according to Unsold ( 1968 ) or Kurucz 
( 1992) are used. 

The line list serving as input to LINFOR is not, strictly 
speaking, fully consistent with the ODFs used in the model 
atmosphere computation. This is because the atomic data of 
individual lines has been modified over the years based on con- 
straints arising from the reproduction of the solar spectrum. 
However, the vast majority of lines still has unaltered atomic 
data most of which taken from Kurucz & Peytremann ( 1975 1, 
Kurucz J1992i and Kurucz & Bell (1995). Our line list does 
not contain TiO (Kurucz ( 2002 ) quotes his list to contain close 
to 40 million lines due to this molecule alone), therefore we 
refrain from discussing the two TiO indices in Sect. [3]at great 
length. 

2.3. The Sun and Arcturus 

The Sun clearly constitutes the most important point of refer- 
ence for our calculations. We have therefore compared our syn- 
thetic spectra with the most commonly used solar flux atlas, 
the Kitt Peak atlas (Kurucz et al. 119841 . in two ways. Firstly, 
we can compare the spectra by eye. This way individual lines 
obviously missing from our line list were identified and added 
utilizing online compilations for atomic data like those of the 
National (American) Institute of Standards and Technology, 
NIST. We, however, refrained from adding artificial lines as 
substitutes for unidentified lines in the Sun of which there are 
still thousands in the optical (a good example is the line at 
5170.76 A, cf. Fig.^. Figures H an d 13 give a qualitative indi- 
cation of how well our modelling performs. These Figures can 



4 



A.J. Korn et al.: The sensitivity of Lick indices to abundance variations 




5165 5170 5175 5180 = 5185 5190 5 
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Fig. 1. A comparison between observed and computed spec- 
tra around the Mg ib lines. Upper panel: the Sun, lower panel: 
Arcturus. In both panels the observations are offset by -0.5 
units 

be directly compared to Fig. 1 & 2 of TB95 and show that the 
performance of the two independent codes is quite comparable. 

Secondly, since the position of the continuum is known in 
both the observed and the theoretical spectrum of the Sun, we 
can directly compare the equivalent widths W,\ of the band- 
passes of the 25 Lick indices without the use of the pseudo- 
continua. This comparison was done after folding the theo- 
retical spectra with a projected rotational velocity vsku of 
1.8km/s and a macroturbulence H rt of 3.5km/s in the radial- 
tangential approximation (Gray [T977I to account for the ob- 
served solar line broadening. The results are given in Tabled 
with the last column indicating that there is a general absorp- 
tion deficit in our modelling of (15 + 5) %. Some indices devi- 
ate markedly from this mean value: C2 4668, NaD and the two 
TiO indices have significantly higher AW,!, G4300, H/3, Mg 2 , 
Mgb and Hy F perform better than average. There is no clear 
trend with wavelength. We note that using a conv = 1.5 would re- 
sult in a AWa twice as large for H/3 (14.1 %) and 4-8 % larger 
for the higher-order B aimer-line indices. 

The cause of this absorption deficit is not to be found pri- 
marily in individual strong lines that are missing in our line 
list; rather is has to be attributed to many unmodelled lines of 
low oscillator strength and small equivalent width. To make 
progress in this context significantly larger line lists would have 

2 The spectral regions around Fe5709 and Fe5782 were re-rectified 
by +1.0 respectively +1.8 % to account for an unmodelled global sup- 
pression of the observed continuum in the Kitt Peak atlas. This proce- 
dure reduces the AW A values for these two indices. 




4855 4860 4865 4870 4875 
wavelength [A] 



Fig. 2. A comparison between observed and computed spectra 
around H/3. Upper panel: the Sun, lower panel: Arcturus. In 
both panels the observations are offset by -0.5 units. Due to 
unmodelled physics, the line strength of H/3 comes out too low 
in Arcturus 



to be implemented (cf. efforts by Kurucz 2002 1 which is be- 
yond the scope of this project. 

The lower panels of Figures[3and|2]compare theory and ob- 
servation for the thick-disk standard star Arcturus, a first-ascent 
red giant. The spectrum was obtained with the FOCES spectro- 
graph (Pfeiffer et al. 1998 1 on the Calar Alto 2.2m telescope in 
May 2000 (kindly made available by K. Fuhrmann). The spec- 
trum covers 4200 A < A < 9000 A and has a resolving power of 
R = 60 000. The signal-to-noise ratio (S/N) varies between 70 
in the bluest part of the spectrum and 430 in the near-IR; at the 
wavelengths presented here it is around 230 (Mg ib lines) and 
200 (H/3), respectively. 

For the modelling we take stellar parameters from the liter- 
ature: 7/ eff = 4300 K (Peterson et al. H993i . log g = 1.6 (between 
Peterson et al. Il993l and Decin et al. fl997t . [Fe/H] = -0.5, 
£mic = 1-7 km/s. The abundances of O, Mg, Si and Ca were en- 
hanced by 0.3 dex to account for Arcturus' a enhancement. 

As can be appreciated from the lower panels of Figures ^ 
and 12 our model for Arcturus is, within its limitations, an ap- 
propriate representation of the conditions in this cool red giant. 
One marked exception is the H/3 line itself with obvious mod- 
elling deficits that have to be attributed to unmodelled physics 
(non-LTE and/or chromospheric contributions, see Przybilla & 
Butler 2004 1. The overall good correspondence between theory 
and observation shows that the choices for transition probabil- 
ities and damping constants made for the Sun are essentially 
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Table 1. Direct integration of the Lick index band- 
passes, both on the observed spectrum of the Sun (Kitt 
Peak National Observatory, KPNO) and on the theoreti- 
cal spectrum computed using the MAFAGS atmosphere 
code (r eff = 5780, logg = 4.44, [Fe/H]=0, 6™ = l.Okm/s, 
»conv=0.5). The final column gives the absorption deficit 
AW A = 100 (W^(KPNO) - ^(MAFAGSW^KPNO). All 
numbers are rounded to the first decimal place. 
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31.9 


up 
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14.2 
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5.0 
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Fe5270 


5.0 


4.3 


13.9 


Fe5335 
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3.0 


13.6 
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2.4 


12.7 


Fe5709 


1.5 


1.3 


13.5 


Fe5782 


1.0 


0.8 


21.0 


NaD 


2.5 


1.9 


25.6 


TiOi 


1.7 


0.7 


57.4 


Ti0 2 


3.0 


1.9 


37.2 


Hy A 


11.9 


10.5 


11.9 


HyF 


6.1 


5.7 


6.8 


H<5 A 


10.3 


9.3 


10.3 


fm f 


6.5 


5.9 


9.3 



correct. Absorption deficits of similar magnitude as in the solar 
case are, however, also encountered for Arcturus. 

2.4. Spectral Indices 

The output spectra are normalized and have a flux point spac- 
ing of 0.1 A, just like those of TB95. To put them onto the 
Lick/IDS system, they were convolved with Gaussians of vari- 
able FWHM interpolated among the values given in Table 8 of 
Worthey & Ottaviani d!997l >. This ought to not have a signifi- 
cant influence on the comparison with TB95 (see below). The 
final flux point spacing is typically 0.5 A, a factor of two higher 
than that of the IDS spectrograph. 

We did not run calculations testing the influence of micro- 
turbulence, offsets, FWHM, continuum and resolution on the 
index values. The reader is referred to Tables 1 - 3 of TB95 for 
a thorough evaluation of these aspects. Note, however, that the 
dependence on FWHM, continuum and resolution was found to 



be below the 2<x (twice the observed standard error) level in all 
cases. This leaves microturbulence and potential wavelengths 
distortions/offsets as additional sources of systematic error. 
936 Lick indices were computed at each base metallicity mak- 
ing it 8424 spectral indices in total. 

3. Results 

3.1. Comparison with TB95 

Tables 12-14 give the Lick index name (column 1), the com- 
puted index strength (column 2), the standard error taken 
from TB95 (column 3) and the absolute variation of the index 
strengths upon increasing the abundance of the element given 
at the top of the column by 0.3 dex. [Z/H] (column 14) refers 
to an overall increase in metallicity by 0.3 dex. The Tables can 
be compared with Tables 4-6 of TB95. Note, however, that we 
chose to tabulate the absolute index changes, i.e., not the ones 
normalized to the assumed standard error. 

Common and disparate features of the two data sets are dis- 
cussed below, first globally, then index by index. 

In comparing the computed index values given in column 2 
to those of TB95, one notices agreement at the 2cr level in 2/3 
of all cases (42 out of 63). 

For the turnoff 'star (6200/4.1, Table 13), the agreement is 
always within 2cr, in 2/3 of all cases (14 out of 21) even within 
lcr. It was expected that the turnoff star would show the highest 
degree of consistency as a) the temperature structure and elec- 
tron pressure is robust to small changes in the assumed com- 
position and b) molecules play a significantly reduces role in 
computing the spectra. Therefore, it does not come as a sur- 
prise either that the fractional changes show a similar overall 
behaviour: in 17 out of the 21 cases the sensitivity is found 
to be highest for the same particular element. The seemingly 
discrepant cases are Ca4227, Fe5335, NaD an Ti02- We find 
Ca4227 and NaD to depend more strongly on the name-giving 
element than on metallicity (TB95 vice versa), in the case of 
Fe5335 it is the other way around. The two TiO indices do not 
significantly depend on any of the 12 elements, neither in this 
study nor in TB95 (in the M-star regime, they would naturally 
depend on Ti and O). 

Turning to the main sequence star (4575/4.6, Table 12), 
there are two indices which turn out more than 2<x stronger 
than their TB95 counterparts: H/3 and Fe5015. In both cases, 
this strengthening turns out to bring these indices into much 
better agreement with both the observational data on M67 and 
the Worthey et al. FFs. The index strength of Fe5015 is still 
1 A short of the FF for the dwarf, but the scatter among the 
M67 dwarfs is of the same order (cf. Fig. 13 of TB95). 

Seven indices have In values smaller by more than 2<x: CNi , 
CN 2 , Ca4227, G4300, Ca4455, C 2 4668 and NaD. In two cases 
(Ca4227 and NaD), the new values lie closer to the correspond- 
ing FF and the M67 data. Two other cases (the two CN indices) 
are now in better agreement with M67, but move away from the 
FF. The remaining three cases (G4300, Ca4455 and C 2 4668) 
perform worse with respect to both references. 

Comparing the sensitivity to particular abundance varia- 
tions, agreement is found on the element causing the largest 
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index change in 16 cases. In two cases (Fe5015 and Mgi) the 
element in first and second place trade places, and we find 
Ca4455 to (insignificantly) react more strongly to Ca itself than 
to metallicity, Cr or Fe. Furthermore, no sensitivity to C is 
found in the two TiO indices (as claimed by TB95). In fact, 
no significant sensitivity is found at all for any of these indices, 
neither for Ca4455 and H/3 (cf. the red giant). 

In the red giant (4255/1.9, Table 14), four indices are sig- 
nificantly stronger: Fe4531, H/3, Fe5015 and Fe5335. Just like 
in the case of the main sequence star, H/3 and Fe5015 are now 
in excellent agreement with the M67 fiducials of TB95. Fe4531 
and Fe5335 are 2 A respectively 1 A too large to be in accord 
with M67 and the FF. 

The same seven indices that were found to be more than 2<x 
weaker in the dwarf are also weaker in the giant; TiC>2 has to 
be added to this list. Four indices (CNj, Ca4455, C 2 4668 and 
TiC>2) clearly perform worse, the new strength of NaD places it 
on the opposite side of the distribution of giants in M67 from 
TB95 and about equally close to the FF, and three indices (CN2, 
Ca4227 and G4300) fare better using MAFAGS. 

Turning to the abundance variations, the dominant role of a 
particular element found by TB95 is recovered for 1 1 indices. 
In a further 5 cases (Fe5015, Fe5270, Fe5335, Fe5406 and 
Fe5782) the order of the first two element is reversed (some- 
times making them most sensitive to Fe, sometimes to [Z/H]), 
in one case (Ca4227) that of the dominant three. In four cases 
(Ca4455, H/3, TiOi and TiCh) we find no significant sensitivity 
to any of the elements studied. For H/3 this is confirmation of 
the TB95 result. 

Overall, the one-by-one comparison shows that the com- 
putations presented here are on par with those published by 
TB95. Irrespective of whether improvements were found or 
not, understanding the cause of disparate results would bring 
on progress. Since we do not have access to R. Bell's version of 
the MARCS code nor to the line-formation code SSG and the 
line list used, this is unfortunately not possible. Taken at face 
value, the differences certainly tell us something about the un- 
certainties involved in the modelling of Lick indices. As a rule 
of thumb, we conclude that the bluest classical indices except 
Fe4383 3 (that is, CN,, CN 2 , Ca4227, G4300, Ca4455, Fe4531 
and C2 4668) bear higher modelling uncertainties than the other 
13 indices. Together with the wavelength independence of AW,; 
(see Table^, this indicates that line-list differences are largest 
in regions of high line density, as one might have expected. 

3.2. Comparison with Fitting Functions at various 
metallicities 

Table|2lgives details of the stellar parameters used for the com- 
putation of the synthetic Lick indices. The data pairs {T e ff, 
logg} were read off from isochrones of the given metallic- 
ity and age (from Cassisi, Castellani, Castellani 1997] and 
Salasnich et al. 2000 for the highest metallicity, see Maraston 
19981 120041 for details) for dwarf and turnoff stars. For the gi- 
ants, they represent average locations in which the fuel con- 

3 Fe4383 can be considered an exception. We agree with TB95 that 
this index is best suited for the determination of the iron abundance. 



Table 2. Stellar parameters used in the computation of the syn- 
thetic Lick indices. 



T7/H1 






T n- 
' en 




IVr/Fel 


+0.67 


5 


MS 


4667 


4.59 


0.0 






1 \J 




A 1 f\ 








RG 


4590 


3.42 




+0.35 


5 


MS 


4543 


4.58 


0.0 






TO 


J7U7 










RG 


4236 


2.00 




+0.00 


5 


MS 


4575 


4.60 


0.0 






TO 
1 {J 




a 1 o 








RG 


4255 


1.90 




+0.00 


1 


MS 


5297 


4.56 


0.0 






TO 


outo 


^ Ql 

J.71 








RG 


4336 


1.83 




-0.35 


13 


MS 


4466 


4.60 


0.0 






TO 


5822 


4.22 








RG 


4414 


1.77 




-1.35 


13 


MS 


4385 


4.83 


0.0/+0.3 






TO 


6383 


4.16 








RG 


4662 


1.83 




-2.25 


13 


MS 


5124 


4.70 


0.0/+0.3 






TO 


6724 


4.15 








RG 


4822 


1.83 





sumption on the Red Giant Branch is maximum (see Maraston 
120041 

Tables 6-32 give the index values and index variations for 
representative dwarfs (MS), turnoff stars (TO) and red giants 
(RG) for metallicities ranging from +0.67 to -2.25. At so- 
lar metallicity Tables 15-17 give additional values for objects 
of age 1 Gyr. At metallicities -1.35 and -2.25 Tables 24-26 
and 30 - 32 contain additional data sets computed under the as- 
sumption of a general enhancement of a elements. Tables[5J— 15] 
give an overview of the sensitivity of Lick indices to abundance 
variations (including sensitivity to [Z/H]). 

Figures in the Appendix are a graphical representa- 
tion of the metallicity dependence of the index and the corre- 
sponding FF values. They may serve as an at-a-glance source 
of information on where modelling deficits are practically ab- 
sent or dominating. Modelled index strengths are denoted by 
the (coloured) boxes, the bullets are the corresponding FF val- 
ues with IDS standard errors of Worthey et al. ( 1994 1. The di- 
amonds indicate the absolute index change that results from 
a 0.3 dex increase of the element producing the highest index 
change. This dominant element was sometimes found to vary 
with evolutionary phase, see e.g. H/3. 

Offsets between our results and the FFs beyond lcr are 
found in 2/3 of all cases (cf. the Figures in the Appendix). Note 
that it is practically impossible to name the cause for a mis- 
match between theory and observation. This is because a high 
index strength can be caused by too few absorbers in the con- 
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tinuum band-passes or too many in the band-pass itself. A mis- 
match can also result from ill-determined stellar parameters in 
the sample of stars defining the FFs such that one is not com- 
paring like with like. There certainly is room for the latter at 
the low-metallicity end where absolute effective temperatures 
are still uncertain at the 200 K level (see e.g. Barklem et al. 
2002 1 and where the FFs are poorly constrained owing to the 
lack of stars in the Lick library. 

In what follows the 25 indices are discussed individually. 

CNi &CN 2 (Fig. H 

The index is most sensitive to the abundances of C and N. 
It is also sensitive to O via the preferred formation of CO. 
Metallicity plays some role in the turnoff phase. 

Contrary to TB95, our computations underpredict the in- 
dex strengths at high metallicity, in particular for the dwarfs 
and the giants. Interestingly, this behaviour is reversed in the 
low-metallicity dwarfs making the dependence on metallicity 
rather weak. The FFs do show such a weak trend for the turnoff 
stars where our modelling is in good agreement with them. The 
metallicity trend for the giants is more or less recovered with 
an offset of 0. 1 mag. An increase of 0.2 dex in C would be suf- 
ficient to account for this offset at high metallicities. However, 
as mixing with CN-cycled material on the giant branch would 
lower the C abundance, this can not serve as an explanation for 
the low index values predicted here. 

Ca4227(Fig.EJ 

Ca, C and [Z/H] dominate the overall index strength, a- 
enhancement has no effect on it. 

The index strengths for the dwarfs rises steeper than the FFs 
and do not saturate. At solar metallicity, the agreement is ac- 
ceptable (within the 0.3 dex variation of Ca), somewhat better 
than in TB95. In the giants, a steeper rise with metallicity is 
also predicted which starts at higher metallicities only. 

G4300 (Fig. ID 

This index is very sensitive to the C abundance, O and 
Fe are important contributors as well. The sensitivity to a- 
enhancement is generally low. 

The turnoff stars and dwarfs are compatible with the FFs 
within a 0.3 dex variation of the C abundance. The high- 
metallicity giants are also consistent and are in fact in better 
agreement with the FFs than in the study of TB95. Yet the in- 
dex strengths are significantly overestimated at low metallici- 
ties. The saturation in index strength takes place at much lower 
metallicities than what is deduced from the FFs. 

Fe4383 (Fig.0| 

This index is particularly sensitive to the iron abundance itself 
which is no surprise given the intrinsic strength of Fe i 4383 
and Fei 4404 (both multiplet 41). Metallicity [Z/H] and the 



Mg abundance also influence the index strength, the latter one 
via its influence on the continuous opacity arising from H . 

There is a very slight tendency for the index strength to be 
too high in the turnoff stars and giants, a clear one in the case 
of the dwarfs. Here, the dynamic response to c-enhancement is 
also overestimated, whereas it is well reproduced in the evolved 
stages of evolution. 

Ca4455 (Fig.|5) 

This index is not very sensitive to any of the elements studied, 
at all times below the level of lcr. The highest variations are 
due to Ca (dwarf phase), [Z/H] (turnoff phase) and Fe and Cr 
(giant phase). 

In the absence of a significant response to varying elemen- 
tal abundances it is particularly troublesome to see the index 
perform increasingly badly towards high metallicities, in all 
stages of evolution. TB95 note the strong dependence on band- 
pass placement, the highest found for any of the 21 classical 
Lick indices. The size of the variation (between 4 and 8 cr for 
a -3 A wavelength shift in the giant and dwarf, respectively) 
is in principle fully sufficient to account for the offsets found. 
This might or might not be the sole source of the discrepancy; 
in any case, it tells us that one has to be careful in using this 
index, as also noted from the comparison with globular cluster 
data (Maraston et al. 120031 TMB03). 

Fe4531 (Fig.E) 

For this index, variations of Ti and [Z/H] are important. All 
other elements cause an index response at or below the 1 <x 
level. 

The agreement between our model predictions and the FFs 
is good in the case of the dwarfs, excellent for the turnoff stars, 
but mediocre for the giants. Here, the index strengths are over- 
predicted at high metallicities, which goes into the opposite di- 
rection from TB95. 

C 2 4668 (formerly Fe4668) (Fig.© 

This index is almost exclusively a measure of the carbon abun- 
dance. It shows practically no dependence on a-enhancement. 

The dwarfs do not follow the FFs at all: values too high at 
low metallicity, values too low at high metallicity. At [Z/H] = 0, 
C 2 4668(TB95) is at 2 A rather than 1 A as here, whereas the FF 
is close to 5 A. The turnoff stars, on the other hand, are well- 
matched. A variation of C by 0.2 dex is enough to bring the 
giants into concordance with the FF values. Yet, it is quite ob- 
vious that the metallicity dependence is not properly accounted 
for. TB95 succeed remarkably well in reproducing the FFs and 
the data on giants in M67. Just like in the case of Fe4531, our 
respective baseline values fall on opposite sides of the FFs. 

H/3(Fig.|5} 

This index is hardly changed by any of the studied elemental 
variations, a-enhancement has no effect, either (see Thomas et 
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Table 3. Sensitivity of individual indices to abundance variations in the dwarf phase of evolution. Only the significant (> 
one standard error) top three elements are given. For Fe5270(Sauron), the standard error of Fe5270(Lick) was assumed to be 
applicable. 



Index 


+0.67 


+0.35 


0.00 


-0.35 


-1.35 


-1.35 
tt-enh. 


-2.25 


-2.25 
a-enh. 


CNi 


C,0,N 


CO,N 


C,N,0 


C,N 










CN 2 


C.O.N 


CO,N 


C,N,0 


C,N 










Ca4227 


Ca,[Z/H],C 


Ca,[Z/H],C 


Ca,C,[Z/H] 


Ca,[Z/H],C 


Ca,[Z/H],C 


Ca,[Z/H],C 






G4300 


C,0,Ti 


C,0,Ti 


C,0,Fe 


C,0,Ti 


CO 


c,o 


C,[Z/H],0 


C,[Z/H],0 


Fe4383 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,[Z/H] 


Fe,[Z/H] 


[Z/H],Fe 




Ca4455 


















Fe4531 


Ti,[Z/H],Mg 


Ti,[Z/H],Mg 


Ti,[Z/H] 


Ti,[Z/H] 


[Z/H],Ti 


[Z/H],Ti 






C 2 4668 


c,o 


C 


C 


C 










Hj3 


















Fe5015 


Ti,[Z/H],Mg 


Ti,[Z/H],Mg 


Ti,[Z/H],Mg 


Ti,[Z/H],Mg 


Ti,Mg,[Z/H] 


Ti,Mg,[Z/H] 






Mg! 


C,Mg,Fe 


C,Mg,[Z/H] 


C,Mg,Fe 


Mg,C,Fe 


Mg,[Z/H],Fe 


Mg,[Z/H] 






Mg 2 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H] 


Mg,[Z/H] 


Mg b 


Mg,Fe,[Z/H] 


Mg,Fe,Cr 


Mg,Fe,Cr 


Mg,Fe,Cr 


Mg,[Z/H],Cr 


Mg,[Z/H],Cr 


Mg,[Z/H] 


Mg,[Z/H] 


Fe5270 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


[Z/H],Fe 


[Z/H],Fe 






Fe5270(Sauron) 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


[Z/H],Fe 


[Z/H],Fe 






Fe5335 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H] 


Fe,[Z/H] 






Fe5406 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H] 


Fe,[Z/H] 






Fe5709 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 










Fe5782 


Cr 


Cr 


Cr 


Cr 










NaD 


Na,[Z/H],Mg 


Na,[Z/H],Mg 


Na,[Z/H],Mg 


Na,[Z/H],Mg 


Na,[Z/H] 


Na,[Z/H] 






TiOi 


















Ti0 2 


















Hy A 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,Mg,C 


C,[Z/H],Fe 


C,[Z/H],Fe 


C,[Z/H] 


C,[Z/H] 


HyF 


Fe,C,Mg 


Fe,C,Mg 


Fe,C,Mg 


Fe,C,Mg 


C,Fe,0 


C,0,Fe 


C,[Z/H] 


C 


USA 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,Mg,[Z/H] 


Fe,C,Mg 


Fe,[Z/H],C 


Fe,[Z/H],C 






H(5F 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H] 


Fe,[Z/H] 







al. 2004). The dominant variations presented in Fig.|5]are at or 
below 1/3 cr and therefore hard to trace observationally. 

The expected behaviour of the index is reproduced well for 
all evolutionary stages, even at low temperatures where TB95 
found systematic offsets of around 1 A. We have no explanation 
for the 1 A offset encountered in the Z = 0.05 Z dwarf. 

The seemingly non-monotonic behaviour of the H/3 index 
(most apparent in the turnoff stars) is a direct consequence of 
our choice of representative stars: they are non-monotonic in 
r e ff causing the temperature sensitivity of the H/3 line to carry 
through to the index strength. 

Fe5015 (Fig.® 

In the turnoff stars, this index is only sensitive to [Z/H], in 
the cooler stars also to Ti and Mg. This supports the findings 
of TB95. a-enhancement has some effect on the overall index 
strength, in good agreement with the FFs. 

This index was considered to be the overall poorest fit by 
TB95. On the contrary, the FFs of all stages of evolution are 
reasonably well-matched by our computations. All discrepan- 



cies can be removed by a 0.3 dex increase in Ti alone. This is, 
however, not to say that all stars defining the FFs show super- 
solar [Ti/Fe] abundance ratios (which is unlikely at or above 
solar metallicity). We note that the high sensitivity to offsets 
in wavelength found in the TB95 dwarf (5 standard errors per 
-3 A) cannot explain the residual discrepancies. 



Mgi (Fig.® 



C, Mg, [Z/H] and Fe dominate the behaviour of this index in 
decreasing order of importance. It is interesting to see how the 
relative sensitivity to Mg (MgH) wins over that to C (C2) to- 
wards lower metallicities in the dwarf phase. 

The overall correspondence between FFs and theoretical in- 
dex strengths is good, except for two areas: the Io values are 
systematically too low in the metal-poor dwarfs and system- 
atically too high in the metal-rich giants. The latter was also 
found by TB95. 
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Table 4. Sensitivity of individual indices to abundance variations in the turnoff phase of evolution. Only the significant (> 
one standard error) top three elements are given. For Fe5270(Sauron), the standard error of Fe5270(Lick) was assumed to be 
applicable. 



Index 


+0.67 


+0.35 


0.00 


-0.35 -1.35 -1.35 -2.25 -2.25 

o--enh. a-enh. 


CNi 


N,C,[Z/H] 


N,[Z/H],C 






CN 2 


N,C,[Z/H] 


N,[Z/H],C 






Ca4227 


C,Ca,N 


Ca 






G4300 


C,Fe 


CFe 


C,[Z/H] 


C [Z/H] 


Fe4383 


Fe,[Z/H] 


Fe 




[Z/H] 


Ca4455 










Fe4531 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 


C 2 4668 


C,[Z/H],0 


C,[Z/H] 


c 


C 


H/3 


[Z/H] 


[Z/H] 


[Z/H] 




Fe5015 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 


Mg, 


C,[Z/H],0 


C,[Z/H],Fe 


C 


C 


Mg 2 


Mg,[Z/H],C 


[Z/H],Mg,C 


Mg,[Z/H] 


Mg,[Z/H],C 


Mg b 


Mg,[Z/H],C 


Mg,[Z/H] 


Mg,[Z/H] 


Mg,[Z/H] 


Fe5270 


[Z/H],Fe 


[Z/H],Fe 


[Z/H] 


[Z/H] 


Fe5270(Sauron) 


[Z/H],Fe,Ca 


[Z/H],Fe,Ca 


[Z/H],Fe,Ca 


[Z/H]Fe,Ca [Z/H],Ca,Fe [Z/H],Ca,Fe [Z/H],Fe,Ca [Z/H],Fe,Ca 


Fe5335 


Fe,[Z/H] 


[Z/H],Fe 


[Z/H] 


[Z/H] 


Fe5406 


Fe,[Z/H] 








Fe5709 


[Z/H] 


[Z/H] 






Fe5782 










NaD 


Na,[Z/H] 


Na,[Z/H] 


Na 


Na 


TiO! 










Ti0 2 










Hy A 


C,Fe,Mg 


C 


C 


C,[Z/H] 


HyF 


C 


C 


C 


C 


H<5A 


Fc 








H<5F 


Fc 








Mg 2 (Fig.E) 








the behaviour of all three Mg indices is also similar (MgZ? per- 



As the Mg2 band-pass covers the Mg/? lines, the sensitivity to 
Mg is higher than in the case of Mgi. It is also influenced by 
[Z/H],CandFe. 

The behaviour of Mg2 as a function of metallicity is very 
similar to Mgi. Among the dwarfs, only the most metal-poor 
star shows a significant discrepancy, among the giants it is once 
more the solar and super-solar ones. In this case, no offset was 
reported by TB95 at solar metallicity. 

MgMFig.EJ 

The most dominant species are Mg, [Z/H] and Fe (plus Cr in 
the dwarfs), a enhancement has an effect on the Z = 0.005 Z 
dwarfs and giants which is well-modelled. 

The turnoff and red giant stars are well accounted for, in this 
index the dwarfs are off the FFs. This is then a feature common 
to all three Mg indices. At the lowest metallicity, our calcula- 
tion predict values far below the FFs, which is due to the FFs 
largely overestimating the index strengths with respect to real 
stars (see Fig. 3 in Maraston et al. 2003 1. At high metallicities, 



forms best) and - in contrast to the low-metallicity cases in the 
dwarf phase - stays within a 0.3 dex variation of Mg. 

Fe5270 (Fig.® 

This index is most sensitive to Fe, [Z/H] and Mg. A response to 
a-enhancement is practically only visible in the dwarfs where 
its dynamic range is predicted correctly. 

The fit is overall acceptable, displaying the same shortcom- 
ings as in TB95: the index strengths is predicted to be some- 
what too high at low effective temperatures, both in the dwarfs 
and giants (the TB95 values for giants come closer to the FFs). 



Fe5335 (Fig.|H) 

This index behaves very much like Fe5270. Its response is 
dominated by [Z/H], Fe and Mg. The effect of a-enhancement 
is more pronounced in the computations than what is encoded 
in the FFs. 
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Table 5. Sensitivity of individual indices to abundance variations in the giant phase of evolution. Only the significant (> one 
standard error) top three elements are given. For Fe5270(Sauron), the standard error of Fe5270(Lick) was assumed to be appli- 
cable. 



Index 


+0.67 


+0.35 


0.00 


-0.35 


-1.35 


-1.35 
a-enh. 


-2.25 


-2.25 
a-enh. 


CNi 


C,0,N 


C,0,N 


C,0,N 


C,N,0 


N,C 


N,C,[Z/H] 






CN 2 


CO,N 


C,0,N 


CO,N 


C,N,0 


N,[Z/H],C 


N,[Z/H],C 






Ca4227 


Ca,[Z/H],C 


Ca,[Z/H],C 


Ca,[Z/H],C 


CCa,[Z/H] 


C 


C 






G4300 


CO,Fe 


C,0,Fe 


CO 


CO 


c 




C,[Z/H] 


C,[Z/H] 


Fe4383 


Fe,Mg,[Z/H] 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H] 


[Z/H],C 


C[Z/H] 






Ca4455 


















Fe4531 


[Z/H],Ti 


[Z/H],Ti 


[Z/H],Ti 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 




C 2 4668 


C,0,[Z/H] 


CO, [Z/H] 


CO, [Z/H] 


C,[Z/H],0 


c 


C 






Hj3 


















Fe5015 


[Z/H],Ti,Mg 


[Z/H],Ti,Mg 


[Z/H],Ti,Mg 


[Z/H],Fe,Mg 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 


Mg! 


C,Mg,[Z/H] 


C,Mg,[Z/H] 


C,[Z/H],Mg 


C,[Z/H],Mg 


C,[Z/H] 


C[Z/H] 






Mg 2 


Mg,[Z/H],C 


Mg,[Z/H],C 


Mg,[Z/H],C 


Mg,[Z/H],C 


[Z/H],C 


[Z/H],Mg,C 






Mgb 


Mg,Fe,[Z/H] 


Mg,[Z/H],Fe 


Mg,[Z/H],Fe 


Mg,[Z/H],C 




Mg 






Fe5270 


Fe,[Z/H] 


Fe,[Z/H] 


Fe,[Z/H] 


[Z/H],Fe 


[Z/H] 


[Z/H] 






Fe5270(Sauron) 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


[Z/H],Fe,Mg 


[Z/H],Fe,Ca 


[Z/H],Fe,Ca 


[Z/H],Fe,Ca 


[Z/H],Ca,Fe 


Fe5335 


[Z/H],Fe,Mg 


[Z/H],Fe 


[Z/H],Fe 


[Z/H],Fe 


[Z/H] 








Fe5406 


[Z/H],Fe 


[Z/H],Fe 


[Z/H],Fe 


[Z/H],Fe 


[Z/H] 








Fe5709 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 


[Z/H] 








Fe5782 


Cr,[Z/H] 


Cr 


Cr,[Z/H] 


Cr,[Z/H] 










NaD 


Na,[Z/H],Mg 


Na,[Z/H] 


Na,[Z/H] 


Na,[Z/H] 










TiOi 


















Ti0 2 


















Hy A 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


Fe,[Z/H],Mg 


[Z/H],Fe 


[Z/H] 


[Z/H] 


[Z/H],C 


[Z/H],C 


HyF 


Fe,C 


[Z/H],Fe,C 


Fe,[Z/H] 








C[Z/H] 


C,[Z/H] 


H5 A 


Fe,[Z/H],Mg 


Fe,[Z/H] 


Fe,[Z/H] 


Fe,[Z/H] 


C 


C 






H(5F 


Fe,[Z/H],Mg 


[Z/H],Fe,Mg 


[Z/H],Fe 


[Z/H],Fe 











Just like in Fe5270, the theoretical indices for high- 
metallicity dwarfs and giants are too strong by typically 1 A. 
Again, the results of TB95 are closer to the FFs. 



Fe5406 (Fig.|7) 



The response of this index is practically identical to that of 
Fe5335 (see above). For a direct comparison, Fe5270, Fe5335 
and Fe5406 are all plotted on the same scale in Figures [6] and 
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This index performs best of the three above-mentioned 
iron indices. Deficits only exist in the high-metallicity giants 
where the index strengths of the FFs is overpredicted by 0.5 A. 
Considering that the overall index strength is smaller than in 
the case of Fe5270 and Fe5335, the fractional deficits are all of 
the same size. It is then observationally easier to use Fe5270 or 
Fe5335. 



Fe5709 (Fig.0 

Another iron index quite similar to Fe5406, but with lower sen- 
sitivity to Fe. Interestingly, in the high-metallicity giants it is 
more sensitive to Ti than to Fe itself. All variations cease to be 
significant at Z = 0.005 Z . The dependence on a-enhancement 
is well-modelled. 

The high-metallicity giants are once again predicted to have 
index strengths some 0.5 A larger than what is observed. This 
finding is not shared by TB95, although their prediction keeps 
rising towards cooler temperatures while the FF level off and 
decline at around 4200 K. 

Fe5782 (Fig.|7J 

As already noted by TB95, this index measures Cr rather than 
Fe, [Z/H] plays some role as well. 

The predictions are too low at high metallicity and vice 
versa making the metallicity trends generally flatter than in the 
FFs. Except for the lowest-metallicity dwarfs and giants, all in- 
dices are compatible with the FF within the dynamic range of 
a 0.3 dex variation in Cr. 
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NaD(Fig.|8) 

This index depends strongly on Na, other than that most signif- 
icantly on [Z/H]. a-enhancement has little effect whatsoever. 

The reproduction of the FFs presented here is quite good 
overall, in the case of the dwarfs (where deficits are clearly 
present) better than by TB95. Except for the lowest-metallicity 
point, all deficits are confined to a +0.3 dex variation in Na. 

TiOi &Ti0 2 (Fig.0 

In the absence of TiO lines from our line list, the results we 
get are quite comparable to those of TB95. However, we do not 
find a pronounced sensitivity to C. 

While TiC>2 is well-reproduced in the turnoff stars, there 
is a general deficit of sa 0.01 mag in TiOl for all evolu- 
tionary phases rising to « 0.03 mag in the super-solar giant. 
Presumably, this rise is entirely due to the increased importance 
of TiO at low effective temperatures. 

HyA (Fig. 

The most crucial elements for this index are Fe, C, Mg and 
metallicity [Z/H]. Some dependence on a-enhancement is pre- 
dicted (e.g. 1.3 A difference between the two Z = 0.005 Z 
dwarfs). 

When it comes to stellar populations, this index is dom- 
inated by the contribution of the turnoff (by the horizontal 
branch where applicable). It is therefore reassuring to see that 
indices for the turnoff stars are predicted correctly (within the 
0.3 dex variation of the element dominating the index strength). 
Both the dwarfs and giants fall short of the FFs by several A. 

HyF(Fig.|D 

Overall, HyF behaves quite similar to HyA. The dependence 
on C is, however, more pronounced. 

The turnoff stars are well-matched (on par with Hy A), the 
deficits in the dwarfs and giants are smaller here (in relative 
terms). On the other hand, the difference in index strengths be- 
tween dwarfs/giants and turnoff stars (as read off from the FFs) 
is not as large as in HyA. Taking these two competing proper- 
ties into account, it is not easy to decide which index is to be 
preferred. 

H(5A(Fig.|5) 

The three elements to which this pair of indices is most sensi- 
tive are Fe, [Z/H] and Mg. 

What was said about the behaviour of dwarfs and giants in 
Hy also holds true here. The theoretical sequence for the giants 
is in better agreement with the FF at high metallicities, but does 
not come close to the FFs for the metal-poor objects. At the 
lowest metallicities, the FFs predict the indices of the giants to 
compete with those of the turnoff stars, a finding not supported 
by our calculations. 



H5F (Fig. H 

This index is less sensitive to Fe than HS A. Additionally, the 
difference in index strengths between dwarfs/giants and turnoff 
stars is not as large as in H6A. Therefore, H6A is to be pre- 
ferred, if one wants to use this band-pass. 

4. Stellar population models 

The index responses presented a here are the key ingredient for 
the stellar population models with variable element abundance 
ratios presented in TMB03. In these models the index response 
functions of TB95 have been used, which have, as mentioned in 
the Introduction, the major shortcoming to be calculated only 
for a 5 Gyr isochrone with solar metallicity. The main motiva- 
tion for this work was to improve on these simplifications. In 
this section, we discuss the impact of the present paper on stel- 
lar population models, and compare stellar population models 
using the new response functions of this work with the models 
presented in TMB03 based on TB95. 

4.1. Inclusion of the response functions 

Before, we briefly summarize, how the calculations of this pa- 
per are included in stellar population models. For details we 
refer to TMB03. 

4.1 .1 . The evolutionary phases 

Like TB95, we have measured on each model star - dwarfs, 
turnoff, giants - the absolute Lick index value Iq. Doubling in 
turn the abundances Xj of the dominant elements C, N, O, Mg, 
Fe, Ca, Na, Si, Cr, and Ti, we determine the index changes 
SI(i). The abundance effects are therefore isolated at a given 
temperature and surface gravity. In this way, we obtain the first 
partial derivative dI/d[Xi] of the index /(> for the logarithmic 
element abundance increment <5[X,] = logXj/X° = log 2 
0.3 dex. 

As discussed in the previous sections, the /o values of our 
calculations (like in TB95) do not always match the ones de- 
rived from the (purely empirical) FFs. In TMB03, it was there- 
fore decided to rely on the values in a differential sense, and 
adopt only the index variations ((dI/d[Xi]) x 0.3. The absolute 
Iq values for the three evolutionary phases, instead, are taken 
from our underlying 5 Gyr, Z SSP model. 

The model index is computed by splitting the basic SSP 
model in the three evolutionary phases, dwarfs, turnoff stars 
and giants. We compute the Lick indices of the base model for 
each phase separately, and modify them using the fractional 
responses 6I/Io- 

4.1.2. Negative indices 

As extensively discussed in TMB03, this approach assumes 
that the index approaches asymptotically the value zero for very 
low element abundances, i.e. / — > for X t — > or [Xi] — » — oo. 
This condition, however, is not generally fulfilled for Lick in- 
dices. They can become negative, depending on the definition 
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of line and pseudo-continuum windows. This typically hap- 
pens at young ages and/or low abundances, and must be cor- 
rected before applying fractional index responses. In TMB03 
this problem is solved by shifting negative index values such 
that they approach zero at zero element abundances. After ap- 
plying the response functions, the index is scaled back (see 
TMB03 for details). Indices with positive values were assumed 
to reach the value zero at zero abundances and therefore did not 
require any correction. This approach seems a bit approxima- 
tive, but turns out to work very well. 

The fact that we have response functions at every metallic - 
ity allows us now to improve on this method. We now apply 
the fractional responses to the flux in the absorption line di- 
rectly, as the latter is always positive. The absorption index / 
(measured in A) is linked with the fluxes in line F[ and contin- 
uum F c through the following equation (A is the bandwidth, see 
Maraston et al. ( 2003 1 for more details and for the equivalent 
definition for indices measured in magnitudes): 



7 = A-(1-F,/F C ) 



(1) 



The index variations tabulated in Tables 6-32 are converted 
to variations in F/ with the following equation which can be 
derived from Eqn.^ 



5F[ 



SI 



In -A 



(2) 



Equivalent to Eqn. 7 in TMB03, the fractional responses of the 
flux in the line are then multiplied as follows: 

| (AM/0.3) 

Ff ew = F, Y] exp|^^0.3[ (3) 



The new index is then computed from F" ew with Eqn. [0 We 
have verified that the resulting stellar population models are not 
significantly affected when compared to models based on the 
method used in TMB03. This consistency can be taken as fur- 
ther evidence that the approximation originally used in TMB03 
has been successful at dealing with negative absorption line in- 
dices. 

4.2. Metallicity dependence 

In TMB03, it had to be assumed that the fractional responses 
61 Ik) are independent of metallicity. This approximation is sen- 
sible in the linear part of the growth curve, in which equivalent 
width of the absorption line and element abundance are linearly 
related. In particular at metallicities well above solar, it is not 
clear whether this assumption is still valid. The calculations of 
this paper allow to test the validity of this simplification, as we 
have now at hand response function in the whole metallicity 
range -2.25 < [Z/H] < 0.67. 

4.3. Age dependence 

TB95 calculated the index response functions for stellar pa- 
rameter pairs that correspond to an isochrone of 5 Gyr, and in 
TMB03 it is assumed that this age restriction does not signif- 
icantly impact on the resulting SSP model. In this paper we 



have now the tools available to check the validity of this as- 
sumption. For this purpose, we have additionally computed in- 
dex response functions for a 1 Gyr isochrone at solar metallicity 
(Tables 15- 17). The resulting a/Fe enhanced SSP model (age 
1 Gyr) is in perfect agreement with the 1 Gyr model based on 
the response functions from the 5 Gyr isochrone (Tables 12- 
14). Deviations are about 1 per cent for G4300 and Fe4383, 
significantly below that value for all other indices. 

4.4. Symmetry 

TB95 computed index variations upon enhancing the abun- 
dance of an individual element by 0.3 dex. We also performed 
test calculations in which the abundance was diminished in- 
stead. No significant changes were found in the absolute index 
changes. This means that the index variations can be used to 
trace element abundances both above and below the base abun- 
dance. 



4.5. Classical Lick indices 

The resulting stellar population models calibrated with galactic 
globular clusters are shown in Fig.|5J which is the equivalent of 
Fig. 2 in TMB03. We plot models for constant age (12 Gyr) 
and constant a/Fe ratios in the metallicity range -2.25 < 
[Z/H] < 0.67. Three models with [a/Fe] = 0.0, 0.3, 0.5 are 
shown in blue, green, and red, respectively (see labels). Models 
with solar abundance ratios ([a/Fe] = 0.0) and models with 
[a/Fe] = 0.5 are those with the lowest and highest Mg b in- 
dices, respectively. Solid lines are the TMB03 models using the 
new response functions of this paper, dotted lines are the mod- 
els of TMB03 based on the TB95 response functions. Filled 
squares are globular cluster data, the open square is the inte- 
grated Bulge light (both from Puzia et al. 2002), small grey 
dots are the Lick data of giant elliptical galaxies from Trager et 
al. (1998). 

We recall here that the Galactic globular clusters are a/Fe 
enhanced by about a factor 2, hence the model can be consid- 
ered well calibrated when the model with [a/Fe] = 0.3 (middle 
green line) fits the observational data (squares). As discussed 
in detail in TMB03, not all of the Lick absorption line indices 
show a satisfactory calibration and can be considered adequate 
for stellar population studies. For the aim of this paper, we are 
more interested in the direct comparison with the TMB03 mod- 
els based on the TB95 response functions. 

The main conclusion is the following: the assumption of 
TMB03 that the fractional response is independent of metal- 
licity is generally confirmed for the whole metallicity range 
considered. The convergence to minimal index variations at 
the lowest metallicities and the corresponding expansion of 
the models with different a/Fe ratios at high metallicities is 
present also in the models with the metallicity-dependent re- 
sponse functions presented here. For most indices, the two 
models are well consistent within the calibration uncertainty in- 
troduced by observational errors. If discrepancies are present, 
they do not originate from the neglect of the metallicity de- 
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Mg b Mg b 

Fig. 3. Mgb index versus the other 20 Lick indices. Solid lines are the TMB03 models using the new response functions of this 
paper, dotted lines are the models of TMB03 based on the TB95 response functions. They are plotted for constant age (12 Gyr) 
and constant a/Fe ratios in the metallicity range -2.25 < [Z/H] < 0.67. The three models with [a/Fe] = 0.0, 0.3, 0.5 are 
shown in blue, green, and red, respectively (see labels). Models with solar abundance ratios ([a/Fe] = 0.0) and models with 
[a/Fe] = 0.5 are those with the lowest and highest Mg b indices, respectively. Filled squares are globular cluster data, the open 
square is the integrated Bulge light from Puzia et al. (2002), small grey dots are the Lick data of giant elliptical galaxies from 
Trager et al. (1998). Error bars indicate typical errors of the globular cluster data. The figure is the equivalent of Fig. 2 in TMB03 
and continues on the next page 
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pendence, but are caused by differences between the response 
functions presented here and those of TB95. 

The indices CNi, CN 2 , H/3, Mg b, Mg 2 , Fe5270, NaD, and 
Ti02 exhibit only relatively small offsets, while the indices 
G4300, Fe4383, Ca4455, Fe4531, Fe5015, Fe5335, and TiOi 



basically did not change. Largest differences are found for 
Ca4227, C 2 4668, Mg!, Fe5406, Fe5709, and Fe5782. 

Ca4227 and C2 4668 have become more sensitive to c/Fe 
ratio, and increase now slightly with increasing a/Fe ratios. In 
both cases, the main reason is a more pronounced negative re- 
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sponse to the element Cr, the abundance of which decreases 
relative to the a-elements in the enhanced models. As men- 
tioned earlier, Ca4227 and C2 4668 are most sensitive to their 
name-giving elements, Ca and C, respectively, which do not 
vary significantly in the a/Fe enhanced mixtures of the TMB03 
models. 

Mgj is now somewhat less sensitive to a/Fe because 
of slightly smaller responses to both Mg and Fe in the re- 
sponse function of this work. Fe5406 and Fe5709 decrease less 
strongly with increasing a/Fe because the sensitivity to the el- 
ement Fe is less pronounced. Fe5782 is interesting, as its sen- 
sitivity to a/Fe ratio comes only from the positive response to 
abundance changes of the element Cr. In the response func- 
tions of this paper, Fe5782 even decreases with increasing Fe 
abundances, hence counterbalances the positive response to Cr, 
which leads to the lower sensitivity to a/Fe ratios. For all the 
three Fe indices, this effect slightly increases with increasing 
metallicity. 

Hp is the only case, in which the metallicity dependence 
of the response functions leaves a small, but measurable trace. 
The higher the metallicity, the larger is the H/3 strength of the 
a/Fe enhanced models with the new metallicity-dependent re- 
sponse functions relative to the ones based on TB95. The rea- 
son is the negative response to Cr, due to a Cr line at 4885 A in 
the red pseudo-continuum of the index definition. It makes in- 
deed sense that the influence of metallic lines on a Balmer-line 
index increases with increasing metallicity. Still, the effect is 
small. In the highest metallicity model ([Z/H] = 0.67), where 
the effect is maximized, the doubling of the a/Fe ratio leads to 
an increase of the H/? index by less than 10 per cent. 

This is significantly less than the increase of about 100 per 
cent recently claimed by Tantalo & Chiosi (2004i on the ba- 
sis of the TB95 response functions (in contrast to the results 
in TMB03). According to Tantalo & Chiosi {20041 this dra- 
matic increase of H/3 results from a strong sensitivity of H/3 
to Ti abundance in the dwarf evolutionary phase. Inspecting 
the response function of TB95, however, reveals that H/3 in the 
dwarfs actually decreases with increasing Ti, which leads to the 
conclusion that the result of Tantalo & Chiosi ( 2004 1 is likely 
a numerical artefact. It should also be noted that the models 
of Tantalo & Chiosi ( 2004 1 predict such strong H/3 indices (of 
the order of 2 A) that the vast majority of early-type galaxies 
would be about 30 Gyr old, which is significantly older than the 
Universe. It is very important to note that in the response func- 
tions of this work, the sensitivity of H/3 to Ti abundance does 
not exceed the few per cent level in all evolutionary phases. 

4.6. Higher-order Balmer-line indices 

As mentioned earlier, H/3 shows little sensitivity to element 
ratio variations as well as to total metallicity, because of the 
lack of strong metallic lines in the wavelength range of the 
index definition. At bluer wavelengths, this situation natu- 
rally changes. The higher-order Balmer-line indices Hy and 
H6 around 4340 and 4100 A as defined in Worthey & Ottaviani 
(1997) are significantly more affected by metallic lines. A well- 
known direct consequence is that these indices are more sen- 



sitive to metallicity than H/3. But they are also significantly 
more sensitive to the a/Fe ratio as shown here. With increas- 
ing metallicity, the influence of metallic lines rises. As a conse- 
quence, unlike for H/3, the fractional index responses increase 
considerably with metallicity as can be appreciated by compar- 
ing Figs. 5 and 8. The impact on the stellar population mod- 
els is dramatic as shown in Thomas, Maraston, & Korn (2004). 
This effect cannot be neglected when these line indices are used 
to derive the ages of metal-rich, unresolved stellar populations 
like early-type galaxies. In Thomas et al. (2004) we show that 
consistent age estimates from H/3 and HyA are obtained, only 
if the effect of a/Fe enhancement on HyA is taken into account 
in the models. This result rectifies a problem currently present 
in the literature, namely that Hy and HS have up to now led to 
significantly younger ages for early-type galaxies than H/3 (see 
Thomas et al. 2004 for more details). 

5. Conclusions 

We have computed line indices for the 21 classical and 4 
higher-order Balmer-line Lick/IDS indices at six different 
metallicities ranging from -2.25 to +0.67 in [Z/H]. At the 
lowest two metallicities (-2.25 and -1.35) we also computed 
indices with a general enhancement of a elements. For all 
of these, we have varied individual elemental abundances of 
ten elements (plus overall metallicity) and tabulated the index 
changes. At solar metallicity, we compare our results with the 
work of Tripicco & Bell ( 1995). In the majority of cases, we 
confirm the findings to TB95. By tabulating index changes for 
all 25 Lick indices for a wide range of metallicities, we signif- 
icantly extend the work of TB95. 

The major assumptions of TMB03 were checked and ver- 
ified by these calculations: the use of fractional changes pro- 
duces accurate results over a wide range of abundances and 
ages. They can also be used to compute response functions with 
enhanced or diminished abundances of individual elements 
(notably a elements). Still, the metallicity-dependent response 
functions presented here do lead to a higher degree of self- 
consistency in the stellar population models. Furthermore, their 
use turns out to be of particular importance for the Balmer-line 
indices. We find that, different from the metallic indices, the 
Balmer-line indices become increasingly sensitive to element 
abundances with increasing metallicity and decreasing wave- 
length. 

Hence, while the H/3 index only responds moderately (be- 
low 10 per cent) to abundance ratio variations, the higher-order 
Balmer-line indices Hy and H6 display very strong dependen- 
cies at high metallicities. More specifically, Hy and H6 sig- 
nificantly increase with increasing alpha/Fe ratio. This effect 
must not be neglected when these indices are used as age in- 
dicators of unresolved stellar systems. As shown in Thomas, 
Maraston, & Korn 2004 the response functions of this work 
allow for a proper modelling of these indices, which helped to 
remove systematic effects in age determinations based on dif- 
ferent Balmer-line indices previously present in the literature. 

With the general availability of huge, homogeneous sets of 
galaxy spectra (e.g. Madgwick et al. 2003), direct synthesis of 
large wavelength ranges will become a more wide-spread ana- 
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lysis technique. To extract useful information from the spec- 
tra, the behaviour of different regions to individual abundance 
changes will have to be established. As a starting point and 
reference, the Lick indices serve an important purpose in this 
sense. By defining how they are expected to react to abundance 
changes under a variety of circumstances, we hope to shed light 
on the chemical evolution of galaxies throughout the Hubble 
sequence. 
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Table 6. Spectral index response: Cool dwarf (4667/4.59/+0.67/0.00) 



(1) 




(2) 


(3) 




(4) 




(5) 


(6) 




(7) 




(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




1(1 


Error 




c 




N 


O 




Mg 




Fe 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 1 


CN, 





.031 


0.021 


0. 


150 





046 


-0.058 


-0 


.006 


-0 


.010 


-0 


.009 


-0.001 


0.008 


-0.020 


0.001 


-0.020 


CN 2 





106 


0.023 


0. 


159 





048 


-0.061 


-0 


013 


-0 


012 


-0 


.013 


-0.003 


0.015 


-0.021 


0.002 


-0.029 


Ca4227 


4 


606 


0.270 


-0 


638 


-0 


143 


0.281 


-0 


.075 


-0 


.077 


1 


.158 


-0.043 


-0.077 


-0.201 


-0.030 


-0.741 


O4300 


4 


.942 


0.390 


1 


584 





001 


-0.697 


-0 


.208 


-0 


.499 





.466 


-0.071 


-0.048 


-0.205 


0.534 


-0.108 


Fe4383 


11 


.525 


0.530 





156 





005 


0.043 


-1 


.110 


2 


.784 


-0 


.737 


-0.231 


-0.209 


-0.275 


-0.043 


-0.895 


Ca4455 





.997 


0.250 


-0 


.050 





.000 


0.012 


-0 


.039 


-0 


.042 


-0 


.144 


-0.019 


-0.006 


0.055 


-0.001 


-0.010 


Fe4531 


6 


.188 


0.420 





01 1 





002 


0.008 


-0 


.475 





336 


-0 


172 


-0.076 


-0.097 


0.164 


1.014 


-0.827 


C 2 4668 


1 


859 


0.640 


6 


167 


-0 


001 


-0.921 


-0 


.266 





110 





.155 


-0.047 


-0.225 


-0.315 


0.063 


-0.369 


H/J 


1 


.058 


0.220 


-0 


020 





001 


0.010 


-0 


100 


-0 


.012 


-0 


050 


-0.018 


-0.011 


-0.096 


0.020 


-0.089 


Fe5015 


6 


.032 


0.460 


-0 


.082 





.002 


0.022 


-0 


.887 





.274 





.031 


-0.050 


-0.109 


-0.016 


1.488 


-1.015 


Mg, 





.249 


0.007 





076 





.000 


-0.012 





.031 


-0 


025 


-0 


.006 


-0.006 


-0.004 


-0.005 


-0.001 


-0.024 


Mg 2 





.593 


0.008 





033 





001 


-0.004 





094 


-0 


038 


-0 


.016 


-0.016 


-0.011 


-0.009 


0.002 


-0.065 


Mgb 


8 


058 


0.230 


-0 


046 
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0.049 


1 


.566 


-0 


661 


-0 


.184 


-0.217 


-0.121 


-0.529 


-0.038 


-0.547 


Fe5270 


5 


623 


0.280 





007 





.003 


0.023 


-0 


.358 





691 





.272 


-0.110 


-0.076 


-0.011 


0.031 


-0.539 


Fe5270(Sauron) 


4 


.834 




0. 


006 





.002 


0.021 


-0 


308 





.588 





.250 


-0.095 


-0.065 


0.004 


-0.018 


-0.455 


Fe5335 


5 


.424 


0.260 


0. 


003 





.002 


0.020 


-0 


.435 





875 


-0 


.116 


-0.134 


-0.097 


0.275 


0.010 


-0.633 


Fe5406 


3 


.283 


0.200 


-0 


.017 





001 


0.013 


-0 


.236 





493 


-0 


.075 


-0.077 


-0.060 


0.154 


0.015 


-0.374 


Fe5709 


1 


.575 


0.180 





000 





000 


0.002 


-0 


.006 





150 





.007 


-0.135 


-0.018 


0.004 


0.054 


-0.237 


Fe5782 





.899 


0.200 





002 





.000 


0.003 





.001 


-0 


.11 1 


-0 


.042 


-0.016 


0.000 


0.277 


-0.032 


-0.143 


Na D 


8 


115 


0.240 


0. 


019 





.006 


0.057 


-0 


.329 


-0 


227 


-0 


.196 


1.893 


-0.112 


-0.044 


-0.088 


-1.252 


TiO, 


-0 


003 


0.007 





000 





000 


0.000 





.000 





000 


-0 


002 


0.000 


0.001 


0.000 


0.002 


0.001 


Ti0 2 





.001 


0.006 





000 





000 


0.000 





000 





001 


-0 


005 


0.000 


0.000 


0.000 


0.001 


0.001 


HyA 


-15 


.625 


0.480 


-1 


.258 


-0 


006 


0.603 


1 


643 


-2 


.608 


-0 


.289 


0.338 


0.241 


0.205 


-0.603 


1.517 


HyF 


-3 


.959 


0.330 


-0 


.573 





.000 


0.293 





.374 


-0 


639 


-0 


.139 


0.074 


0.038 


0.213 


-0.096 


0.256 


H<5 A 


-11 


.880 


0.640 


-0 


.365 





.136 


0.305 


1 


.209 


-3 


.885 





.357 


0.343 


0.595 


0.093 


-0.187 


1.198 


H<5F 


-5 


170 


0.400 


-0 


.237 


-0 


029 


0.114 





.523 


-1 


.292 





.236 


0.154 


0.135 


-0.019 


-0.197 


0.623 



1 ) overall mctallicity decreased by 0.3 dcx 



Table 7. Spectral index response: Turnoff star (5694/4. 16/+0.67/0.00) 
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(2) 
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(7) 
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(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 




c 




N 




o 


Mg 


Fc 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 1 


CN, 


0.015 


0.021 





079 





.082 


-0 


.025 


-0.017 


-0.017 


-0 


006 


-0.002 


-0.008 


-0.005 


0.004 


-0.044 


CN 2 


0.048 


0.023 





083 





.088 


-0 


.026 


-0.019 


-0.018 


-0 


008 


-0.002 


-0.007 


-0.005 


0.004 


-0.049 


Ca4227 


0.517 


0.270 


-0. 


492 


-0 


.345 





.151 


0.107 


0.153 





.490 


0.008 


0.047 


-0.103 


-0.009 


-0.010 


Q43O0 


5.079 


0.390 





714 


-0 


.001 


-0 


.282 


-0.272 


-0.508 





122 


-0.044 


-0.158 


-0.103 


0.091 


0.056 


Fe4383 


5.114 


0.530 





394 





.001 


-0 


051 


-0.277 


0.970 


-0 
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0.025 


-0.153 


-0.099 


0.161 


-0.531 


Ca4455 


0.795 


0.250 


-0 
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.000 





.004 


-0.023 


-0.061 


-0 


024 


-0.008 


-0.007 


0.070 


0.051 


-0.128 


Fc4531 


3.701 


0.420 


-0. 


026 





000 





003 


-0.078 


0.186 


-0 


004 


0.023 


-0.040 


0.093 


0.274 


-0.479 


C 2 4668 
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0.640 


7 


.481 


-0 


.003 


-1 


.086 


-0.399 


-0.311 


-0 


.001 


0.271 


-0.471 


-0.103 


0.129 


-1.349 


H/J 


3.149 


0.220 


-0. 


028 





.002 





.018 


-0.058 


-0.040 


-0 


011 


-0.005 
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-0.067 


0.051 


-0.292 


Fe5015 


5.433 


0.460 


-0 


339 





.001 





030 


-0.175 


0.443 





082 


0.019 


-0.076 


-0.006 


0.302 


-0.785 


Mg, 


0.073 


0.007 
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.000 


-0 


019 


0.000 


-0.010 


-0 


001 


-0.001 


-0.006 
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-0.033 


Mg 2 


0.191 


0.008 


0. 


.041 
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-0 


009 
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-0 
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-0.007 


-0.003 


0.001 


-0.041 


Mg6 


3.462 


0.230 


-0 
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.003 





.069 


1.556 


-0.257 


-0 


.011 


-0.043 


-0.102 


-0.166 


-0.017 


-0.512 


Fc5270 


2.981 


0.280 


-0 


005 





.001 





.008 


-0.065 


0.391 





.134 


-0.004 


-0.046 


-0.034 


0.057 


-0.474 


Fe5270(Sauron) 


2.457 




-0 


004 





.001 





.007 


-0.061 


0.359 





.118 


-0.004 


-0.042 


0.003 


0.019 


-0.364 


Fc5335 


2.572 


0.260 


-0 


023 





.001 





.012 


-0.062 


0.45 1 


-0 


.006 


-0.004 


-0.041 


0.097 


0.024 


-0.446 


Fe5406 


1.379 


0.200 


-0. 


058 





000 





009 


-0.018 


0.243 


-0 


002 


-0.001 


-0.032 


0.044 


0.014 


-0.219 


Fc5709 


1.121 


0.180 


-0 


005 





.000 





.002 


0.032 


0.084 





.017 


-0.032 


-0.001 


0.017 


0.037 


-0.208 


Fc5782 


0.533 


0.200 





010 





.000 





.000 


0.036 


-0.100 


-0 


012 


0.000 


0.011 


0.171 


-0.020 


-0.121 


NaD 


1.768 


0.240 


-0 


004 





.001 





010 


-0.057 


-0.032 


-0 


043 


0.704 


-0.064 


0.013 


-0.004 


-0.346 


TiO, 


-0.002 


0.007 





000 





.000 





.000 


0.000 


0.000 


-0 


.001 


0.000 


0.000 


0.000 


0.001 


0.001 


Ti0 2 


-0.001 


0.006 


0. 


000 





000 





000 


0.000 


-0.001 


-0 


.001 


0.000 


0.000 


0.000 


0.001 


0.000 


HyA 


-5.515 


0.480 


-0 


780 





.002 





.300 


0.526 


-0.567 


-0 


089 


0.004 


0.219 


0.011 


-0.196 


0.319 


HyF 


-0.055 


0.330 


-0 


396 





.002 





150 


0.188 


-0.162 


-0 


035 


0.008 


0.074 


-0.029 


-0.007 


-0.058 


H<SA 


-0.854 


0.640 


-0 


306 





.086 





.124 


0.268 


-1.190 





051 


0.017 


0.169 


-0.012 


-0.182 


0.303 


H<SF 


0.683 


0.400 


-0 


124 


-0 


.030 





.052 


0.103 


-0.500 





027 


0.006 


0.064 


-0.041 


-0.143 


0.128 



1) overall mctallicity decreased by 0.3 dcx 
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Table 8. Spectral index response: Cool giant (4590/3.42/+0.67/0.00) 



(1) 


(2) 


(3) 


(4) 




(5) 


(6) 


(7) 




(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


1(1 


Error 


C 




N 


O 


Mg 




Fe 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 1 


CN, 


0.138 


0.021 


0.182 





063 


-0.080 


-0.016 


-0 


021 


-0 


.010 


-0.002 


0.010 


-0.016 


0.002 


-0.034 


CN 2 


0.225 


0.023 


0.195 





067 


-0.087 


-0.024 


-0 


026 


-0 


014 


-0.003 


0.021 


-0.016 


0.003 


-0.047 


Ca4227 


3.380 


0.270 


-0.810 


-0 


.187 


0.384 


0.014 





015 


1 


416 


0.015 


-0.068 


-0.175 


-0.024 


-0.879 


O4300 


6.254 


0.390 


1 .300 





000 


-0.704 


-0.129 


-0 


459 





.238 


-0.037 


-0.025 


-0.213 


0.270 


0.133 


Fc4383 


9.680 


0.530 


0.276 





003 


-0.018 


-0.844 


2 


.260 


-0 


.443 


-0.094 


-0.172 


-0.279 


0.041 


-0.721 


Ca4455 


1.455 


0.250 


-0.044 





.000 


0.012 


-0.018 


-0 


.183 


-0 


.061 


-0.009 


-0.003 


0.149 


0.067 


-0.071 


Fe4531 


6.808 


0.420 


-0.027 





000 


0.002 


-0.307 





.304 


-0 


.049 


-0.005 


-0.060 


0.125 


0.779 


-0.803 


C 2 4668 


3.785 


0.640 


9.748 


-0 


002 


-1.783 


-0.552 


-0 


139 





.058 


-0.131 


-0.369 


-0.381 


0.078 


-0.719 


HS 


1.124 


0.220 


-0.028 





000 


0.010 


-0.105 


-0 


.017 


-0 


032 


-0.014 


0.007 


-0.118 


0.057 


-0.091 


Fe5015 


7.624 


0.460 


-0.132 


-0 


.001 


0.011 


-0.953 





.549 





.097 


0.034 


-0.053 


0.080 


0.965 


-0.972 


Mg, 


0.290 


0.007 


0.119 





.000 


-0.022 


0.043 


-0 


.028 


-0 


.006 


-0.005 


-0.007 


-0.003 


0.000 


-0.043 


Mg 2 


0.510 


0.008 


0.046 





000 


-0.009 


0.098 


-0 


030 


-0 


.010 


-0.008 


-0.010 


-0.006 


0.004 


-0.067 


Mgb 


5.899 


0.230 


-0.196 





006 


0.049 


1.663 


-0 


717 


-0 


.106 


-0.131 


-0.096 


-0.487 


0.017 


-0.531 


Fe5270 


5.217 


0.280 


0.001 





.001 


0.011 


-0.241 





608 





.163 


-0.039 


-0.053 


-0.111 


0.051 


-0.431 


Fe5270(Sauron) 


4.235 




0.002 





.001 


0.012 


-0.215 





.558 





.140 


-0.036 


-0.047 


-0.042 


-0.004 


-0.363 


Fe5335 


5.348 


0.260 


-0.003 





.001 


0.010 


-0.319 





699 


-0 


.053 


-0.053 


-0.070 


0.238 


0.061 


-0.700 


Fe5406 


3.368 


0.200 


-0.035 





001 


0.010 


-0.160 





.383 


-0 


032 


-0.028 


-0.046 


0.106 


0.032 


-0.395 


Fe5709 


2.093 


0.180 


-0.001 





000 


0.001 


-0.006 





093 





.032 


-0.055 


-0.002 


0.020 


0.096 


-0.316 


Fe5782 


1.276 


0.200 


0.003 





.000 


0.000 


0.019 


-0 


.145 


-0 


.018 


-0.004 


0.013 


0.284 


-0.044 


-0.205 


Na D 


5.362 


0.240 


0.010 





.004 


0.035 


-0.249 


-0 


138 


-0 


.102 


1.785 


-0.086 


0.017 


-0.062 


-1.069 


TiO, 


-0.002 


0.007 


0.000 





000 


0.000 


0.000 





000 


-0 


001 


0.000 


0.000 


0.000 


0.003 


0.000 


Ti0 2 


0.014 


0.006 


0.000 





000 


0.000 


0.000 





000 


-0 


003 


0.000 


0.000 


0.000 


0.002 


0.000 


HyA 


-15.396 


0.480 


-0.825 


-0 


003 


0.625 


1.113 


-2 


.113 


-0 


151 


0.126 


0.140 


0.030 


-0.339 


1.327 


HyF 


-3.894 


0.330 


-0.491 





.000 


0.317 


0.285 


-0 


525 


-0 


.070 


0.036 


0.031 


-0.011 


-0.007 


0.307 


HiSA 


-9.397 


0.640 


-0.102 





350 


0.258 


0.785 


-3 


.009 





124 


0.133 


0.665 


0.018 


-0.347 


1 .094 


Hi5F 


-5.415 


0.400 


-0.212 





014 


0.173 


0.463 


-1 


149 





.130 


0.077 


0.118 


-0.073 


-0.298 


0.872 


I ) overall metallicity decreased by 0.3 dex 



Table 9. Spectral index response: Cool dwarf (4543/4.58/+0.35/0.00) 



(1) 




(2) 


(3) 




(4) 


(5) 


(6) 




(7) 




(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




1(1 


Error 




c 


N 


o 




Mg 




Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


.006 


0.021 





140 


0.040 


-0.040 





000 


-0 


.010 


-0.010 


0.000 


0.010 


-0.020 


0.000 


0.010 


CN 2 





068 


0.023 





150 


0.040 


-0.050 


-0 


010 


-0 


.010 


-0.010 


0.000 


0.020 


-0.020 


0.000 


0.020 


Ca4227 


4 


.718 


0.270 


-0 


640 


-0.130 


0.230 


-0 


.080 


-0 


.080 


1.080 


-0.030 


-0.050 


-0.190 


-0.010 


0.660 


G4300 


4 


.848 


0.390 


1 


.680 


0.000 


-0.710 


-0 


210 


-0 


.500 


0.430 


-0.080 


-0.040 


-0.220 


0.560 


0.170 


Fe4383 


11 


923 


0.530 





100 


0.000 


0.040 


-1 


150 


2 


.840 


-0.800 


-0.270 


-0.180 


-0.240 


-0.020 


0.850 


Ca4455 





.972 


0.250 


-0 


050 


0.000 


0.010 


-0 


040 


-0 


.030 


-0.150 


-0.020 


-0.010 


0.050 


-0.010 


-0.020 


Fc4531 


5 


902 


0.420 





020 


0.000 


0.000 


-0 


480 





.310 


-0.190 


-0.060 


-0.060 


0.190 


1.070 


0.800 


C 2 4668 





.946 


0.640 


4 


.200 


0.000 


-0.500 


-0 


.220 





220 


0.170 


-0.020 


-0.140 


-0.310 


0.120 


0.210 







.778 


0.220 


-0 


.020 


0.000 


0.000 


-0 


080 





.030 


-0.040 


-0.010 


0.000 


-0.090 


0.020 


0.070 


Fe5015 


5 


.352 


0.460 


-0 


030 


0.000 


0.000 


-0 


.870 





.270 


0.000 


-0.030 


-0.070 


0.010 


1.570 


1.040 


Mg, 





.251 


0.007 





050 


0.000 


-0.010 





030 


-0 


.020 


-0.010 


-0.010 


0.000 


0.000 


0.000 


0.020 


Mg 2 





.577 


0.008 





.020 


0.000 


0.000 


0. 


090 


-0 


.040 


-0.020 


-0.020 


-0.010 


-0.010 


0.000 


0.050 


Mgi> 


7 


.628 


0.230 


-0 


.040 


0.000 


0.030 


1 


650 


-0 


630 


-0.200 


-0.200 


-0.080 


-0.520 


-0.040 


0.480 


Fc5270 


5 


.485 


0.280 





.000 


0.000 


0.010 


-0 


360 





.710 


0.230 


-0.110 


-0.060 


0.010 


0.050 


0.500 


Fe5270(Sauron) 


4 


716 







000 


0.000 


0.010 


-0 


310 





.590 


0.220 


-0.100 


-0.050 


0.020 


0.000 


0.420 


Fc5335 


5 


.158 


0.260 





.000 


0.000 


0.010 


-0 


.390 





880 


-0.140 


-0.130 


-0.070 


0.300 


0.030 


0.590 


Fe5406 


3 


.194 


0.200 


-0 


.010 


0.000 


0.010 


-0 


.240 





.480 


-0.090 


-0.080 


-0.040 


0.170 


0.030 


0.350 


Fe5709 


1 


.375 


0.180 





.000 


0.000 


0.000 


-0 


010 





.140 


0.000 


-0.120 


-0.010 


0.020 


0.060 


0.210 


Fe5782 





.807 


0.200 





000 


0.000 


0.000 





000 


-0 


.100 


-0.040 


-0.010 


0.000 


0.270 


-0.030 


0.130 


NaD 


8 


099 


0.240 





010 


0.000 


0.030 


-0 


.330 


-0 


.220 


-0.210 


1.890 


-0.070 


0.000 


-0.050 


1.220 


TiO, 


-0 


.003 


0.007 





000 


0.000 


0.000 


0. 


000 





.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 





.002 


0.006 





.000 


0.000 


0.000 





000 





.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Hy A 


-16 


066 


0.480 


-1 


280 


0.000 


0.620 


1 


680 


-2 


.670 


-0.180 


0.390 


0.210 


0.180 


-0.680 


-1.640 


HyF 


-4 


.565 


0.330 


-0 


580 


0.000 


0.290 


0. 


430 


-0 


.750 


-0.100 


0.110 


0.050 


0.240 


-0.110 


-0.310 


HiSA 


-11 


612 


0.640 


-0 


680 


0.020 


0.360 


1 


240 


-3 


.760 


0.440 


0.370 


0.540 


0.060 


-0.230 


-1.120 


HiSF 


-5 


.153 


0.400 


-0 


280 


-0.040 


0.100 





530 


-1 


.230 


0.270 


0.160 


0.140 


-0.030 


-0.220 


-0.580 
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Table 10. Spectral index response: Turnoff star (5969/4.18/+0.35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.079 


0.021 


0.030 


0.040 


0.000 


-0.010 


-0.010 


0.000 


0.000 


0.000 


0.000 


0.000 


0.030 


CN 2 


-0.051 


0.023 


0.030 


0.040 


0.000 


-0.010 


-0.010 


0.000 


0.000 


0.000 


0.000 


0.000 


0.030 


Ca4227 


0.529 


0.270 


-0.260 


-0.200 


0.030 


0.050 


0.120 


0.280 


0.000 


0.030 


-0.080 


0.000 


0.030 


G4300 


4.397 


0.390 


0.870 


0.000 


-0.120 


-0.280 


-0.440 


0.090 


-0.040 


-0.210 


-0.070 


0.080 


0.040 


Fe4383 


3.627 


0.530 


0.380 


0.000 


-0.030 


-0.160 


0.620 


-0.120 


0.030 


-0.110 


-0.060 


0.160 


0.480 


Ca4455 


0.560 


0.250 


-0.020 


0.000 


0.000 


-0.010 


-0.050 


-0.010 


-0.010 


0.000 


0.050 


0.040 


0.130 


Fc4531 


2.933 


0.420 


-0.010 


0.000 


0.000 


-0.040 


0.110 


0.000 


0.010 


-0.020 


0.100 


0.210 


0.450 


C 2 4668 


2.268 


0.640 


3.200 


0.000 


-0.210 


-0.370 


-0.260 


-0.270 


-0.330 


-0.250 


-0.340 


-0.150 


1.110 


h/j 


3.478 


0.220 


-0.020 


0.000 


0.010 


-0.020 


-0.040 


-0.010 


0.000 


-0.010 


-0.050 


0.050 


0.310 


Fc5015 


4.285 


0.460 


-0.090 


0.000 


0.000 


-0.060 


0.350 


0.070 


0.020 


-0.050 


-0.040 


0.260 


0.760 


Mgj 


0.017 


0.007 


0.060 


0.000 


0.000 


0.000 


-0.010 


0.000 


0.000 


0.000 


0.000 


0.000 


0.030 


Mg 2 


0.114 


0.008 


0.030 


0.000 


0.000 


0.030 


-0.010 


0.000 


0.000 


0.000 


0.000 


0.000 


0.030 


Mgb 


2.318 


0.230 


-0.170 


0.000 


0.020 


1.110 


-0.120 


-0.010 


-0.030 


-0.060 


-0.110 


-0.020 


0.430 


Fc5270 


2.115 


0.280 


0.000 


0.000 


0.000 


-0.020 


0.320 


0.110 


0.000 


-0.020 


0.010 


0.070 


0.470 


Fc5270(Sauron) 


1.786 




0.000 


0.000 


0.000 


-0.020 


0.280 


0.090 


0.000 


-0.020 


0.030 


0.030 


0.350 


Fc5335 


1.729 


0.260 


-0.020 


0.000 


0.010 


-0.020 


0.330 


0.000 


0.000 


-0.020 


0.060 


0.020 


0.390 


Fe5406 


0.932 


0.200 


-0.040 


0.000 


0.000 


0.000 


0.190 


0.000 


0.000 


-0.010 


0.040 


0.020 


0.200 


Fe5709 


0.785 


0.180 


0.000 


0.000 


0.000 


0.030 


0.080 


0.010 


-0.020 


0.010 


0.010 


0.010 


0.200 


Fe5782 


0.350 


0.200 


0.010 


0.000 


0.000 


0.040 


-0.070 


-0.010 


0.000 


0.020 


0.130 


-0.010 


0.120 


Na D 


1.078 


0.240 


0.000 


0.000 


0.000 


-0.030 


-0.020 


-0.030 


0.450 


-0.040 


0.010 


0.000 


0.270 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-2.781 


0.480 


-1.010 


0.000 


0.130 


0.450 


-0.210 


-0.050 


0.010 


0.260 


0.000 


-0.190 


-0.210 


HyF 


1.087 


0.330 


-0.480 


0.000 


0.060 


0.190 


-0.050 


-0.020 


0.010 


0.110 


-0.020 


-0.020 


0.090 


H<5 A 


1.555 


0.640 


-0.390 


-0.090 


0.030 


0.200 


-0.630 


-0.020 


0.010 


0.140 


-0.030 


-0.130 


-0.100 


IMF 


1.914 


0.400 


-0.090 


-0.020 


0.010 


0.080 


-0.250 


0.030 


0.000 


0.060 


-0.040 


-0.090 


0.000 



Table 11. Spectral index response: Red giant (4236/2.00/+0.35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


Io 


Error 


C 


N 


o 


Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


0.170 


0.021 


0.180 


0.060 


-0.080 


-0.020 


-0.020 


-0.010 


0.000 


0.010 


-0.020 


0.000 


0.030 


CN 2 


0.273 


0.023 


0.190 


0.060 


-0.090 


-0.030 


-0.030 


-0.010 


0.000 


0.020 


-0.020 


0.000 


0.040 


Ca4227 


4.200 


0.270 


-0.730 


-0.150 


0.330 


0.080 


0.050 


1.560 


0.040 


-0.060 


-0.180 


-0.020 


1.210 


G4300 


6.623 


0.390 


1.180 


0.000 


-0.670 


-0.080 


-0.400 


0.190 


-0.030 


0.000 


-0.220 


0.370 


-0.030 


Fe4383 


9.961 


0.530 


0.270 


0.000 


-0.040 


-0.710 


2.460 


-0.360 


-0.080 


-0.140 


-0.260 


0.050 


1.140 


Ca4455 


1.434 


0.250 


-0.040 


0.000 


0.010 


0.000 


-0.240 


-0.040 


-0.010 


0.000 


0.150 


0.090 


-0.010 


Fc4531 


7.441 


0.420 


-0.030 


0.000 


0.000 


-0.280 


0.360 


-0.030 


0.000 


-0.050 


0.100 


0.840 


1.120 


C 2 4668 


3.655 


0.640 


9.640 


0.000 


-1.870 


-0.660 


-0.160 


0.050 


-0.130 


-0.400 


-0.410 


0.050 


0.780 


HP 


0.885 


0.220 


-0.020 


0.000 


0.000 


-0.080 


0.000 


-0.020 


-0.010 


0.020 


-0.110 


0.050 


0.050 


Fe5015 


8.105 


0.460 


-0.130 


0.000 


0.010 


-0.890 


0.620 


0.090 


0.040 


-0.040 


0.100 


1.050 


1.360 


Mg, 


0.318 


0.007 


0.110 


0.000 


-0.020 


0.040 


-0.020 


-0.010 


-0.010 


-0.010 


0.000 


0.000 


0.040 


Mg 2 


0.472 


0.008 


0.040 


0.000 


-0.010 


0.100 


-0.030 


-0.010 


-0.010 


-0.010 


-0.010 


0.000 


0.070 


Mgi> 


4.408 


0.230 


-0.250 


0.000 


0.030 


1.760 


-0.530 


-0.090 


-0.110 


-0.070 


-0.500 


0.020 


0.660 


Fc5270 


5.085 


0.280 


0.000 


0.000 


0.000 


-0.180 


0.620 


0.110 


-0.030 


-0.040 


-0.120 


0.050 


0.480 


Fc5270(Sauron) 


4.007 




0.000 


0.000 


0.000 


-0.170 


0.580 


0.100 


-0.030 


-0.040 


-0.050 


0.000 


0.400 


Fc5335 


5.196 


0.260 


0.000 


0.000 


0.000 


-0.250 


0.660 


-0.040 


-0.040 


-0.050 


0.230 


0.060 


0.800 


Fe5406 


3.503 


0.200 


-0.040 


o.ooo 


0.010 


-0.130 


0.360 


-0.030 


-0.020 


-0.040 


0.100 


0.020 


0.410 


Fe5709 


2.185 


0.180 


0.000 


0.000 


0.000 


0.000 


0.080 


0.030 


-0.030 


0.000 


0.020 


0.100 


0.330 


Fe5782 


1.379 


0.200 


0.000 


0.000 


0.000 


0.020 


-0.140 


-0.010 


0.000 


0.010 


0.260 


-0.040 


0.200 


Na D 


4.750 


0.240 


0.000 


0.000 


0.010 


-0.120 


-0.040 


-0.060 


1.710 


-0.060 


0.020 


-0.050 


1.410 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


0.019 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-16.649 


0.480 


-0.400 


0.000 


0.520 


0.840 


-2.510 


-0.150 


0.100 


0.070 


-0.090 


-0.450 


-2.470 


HyF 


-4.709 


0.330 


-0.350 


0.000 


0.280 


0.240 


-0.690 


-0.060 


0.030 


0.020 


-0.090 


-0.020 


-0.710 


H<SA 


-10.003 


0.640 


-0.230 


0.350 


0.260 


0.630 


-3.330 


0.030 


0.100 


0.610 


0.020 


-0.360 


-1.920 


H<SF 


-6.687 


0.400 


-0.240 


0.030 


0.190 


0.430 


-1.370 


0.120 


0.070 


0.120 


-0.080 


-0.310 


-1.390 



A.J. Korn et al.: The sensitivity of Lick indices to abundance variations 
Table 12. Spectral index response: Cool dwarf (4575/4.60/0.00/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


Index 


io 


Error 


C 


N 


o 


Mg 


Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CO. 15 


C+O0.3 


CNi 


-0.019 


0.021 


0.123 


0.037 


-0.033 


-0.004 


-0.007 


-0.007 


0.000 


0.010 


-0.017 


0.002 


0.014 


0.038 


0.009 


CN 2 


0.043 


0.023 


0.130 


0.039 


-0.034 


-0.009 


-0.008 


-0.010 


-0.002 


0.017 


-0.018 


0.004 


0.022 


0.040 


0.010 


Ca4227 


3.763 


0.270 


-0.669 


-0.148 


0.202 


-0.087 


-0.069 


1.118 


-0.028 


-0.058 


-0.175 


-0.007 


0.653 


-0.212 


-0.039 


G4300 


4.749 


0.390 


1.687 


0.000 


-0.768 


-0.196 


-0.470 


0.323 


-0.063 


-0.035 


-0.205 


0.453 


0.073 


0.591 


0.040 


Fc4383 


10.723 


0.530 


0.199 


0.001 


0.003 


-1.060 


2.595 


-0.642 


-0.183 


-0.168 


-0.179 


0.024 


0.890 


0.047 


0.042 


Ca4455 


0.936 


0.250 


-0.052 


0.000 


0.012 


-0.046 


-0.021 


-0.109 


-0.020 


-0.007 


0.050 


-0.007 


0.038 


-0.017 


-0.011 


Fc4531 


4.930 


0.420 


0.032 


0.000 


-0.006 


-0.413 


0.272 


-0.125 


-0.036 


-0.055 


0.168 


0.902 


0.723 


0.010 


0.007 


C 2 4668 


0.906 


0.640 


2.914 


0.000 


-0.311 


-0.169 


0.228 


0.118 


-0.036 


-0.105 


-0.229 


0.129 


0.141 


0.730 


0.555 


BfS 


0.748 


0.220 


-0.012 


0.000 


0.003 


-0.074 


0.026 


-0.035 


-0.011 


-0.013 


-0.072 


0.024 


0.063 


-0.005 


-0.006 


Fe5015 


4.220 


0.460 


-0.025 


0.000 


0.005 


-0.801 


0.336 


0.026 


0.001 


-0.048 


0.007 


1.216 


0.891 


-0.008 


-0.004 


Mg, 


0.223 


0.007 


0.039 


0.000 


-0.004 


0.032 


-0.021 


-0.005 


-0.004 


-0.002 


-0.004 


0.000 


0.019 


0.010 


0.007 


Mg 2 


0.511 


0.008 


0.020 


0.000 


-0.001 


0.089 


-0.032 


-0.013 


-0.011 


-0.007 


-0.004 


0.004 


0.055 


0.005 


0.004 


Mgft 


7.440 


0.230 


-0.084 


0.001 


0.008 


1.623 


-0.688 


-0.149 


-0.150 


-0.077 


-0.552 


-0.089 


0.355 


-0.051 


-0.043 


Fc5270 


4.831 


0.280 


0.001 


0.001 


0.005 


-0.336 


0.677 


0.203 


-0.081 


-0.052 


0.027 


0.040 


0.490 


0.001 


0.007 


Fe5270(Sauron) 


4.162 




0.001 


0.000 


0.005 


-0.292 


0.572 


0.195 


-0.071 


-0.045 


0.036 


0.000 


0.417 


0.000 


0.006 


Fc5335 


4.440 


0.260 


0.000 


0.000 


0.004 


-0.380 


0.806 


-0.059 


-0.092 


-0.062 


0.243 


0.022 


0.549 


0.000 


0.005 


Fc5406 


2.723 


0.200 


-0.008 


0.000 


0.003 


-0.213 


0.456 


-0.063 


-0.054 


-0.037 


0.153 


0.031 


0.350 


-0.002 


0.000 


Fe5709 


1.130 


0.180 


0.000 


0.000 


0.000 


-0.009 


0.128 


-0.005 


-0.094 


-0.005 


0.019 


0.058 


0.202 


0.000 


0.000 


Fe5782 


0.650 


0.200 


0.000 


0.000 


0.001 


0.005 


-0.081 


-0.033 


-0.008 


0.002 


0.244 


-0.027 


0.125 


0.000 


0.001 


Na D 


6.509 


0.240 


0.004 


0.001 


0.013 


-0.313 


-0.207 


-0.160 


1.751 


-0.058 


-0.005 


-0.039 


1.125 


0.002 


0.017 


TiO, 


-0.002 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.002 


-0.001 


0.000 


0.000 


Ti0 2 


0.003 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.004 


0.000 


0.000 


0.000 


0.001 


-0.001 


0.000 


0.000 


H-yA 


-14.121 


0.480 


-1.311 


-0.001 


0.691 


1.446 


-2.269 


-0.134 


0.247 


0.166 


0.156 


-0.549 


-1.381 


-0.475 


0.027 


HyF 


-4.159 


0.330 


-0.588 


0.000 


0.319 


0.390 


-0.679 


-0.081 


0.072 


0.038 


0.207 


-0.084 


-0.269 


-0.218 


0.011 


USA 


-10.165 


0.640 


-0.942 


-0.063 


0.368 


1.109 


-3.277 


0.306 


0.249 


0.515 


0.056 


-0.220 


-1.089 


-0.372 


-0.133 


HSF 


-4.386 


0.400 


-0.301 


-0.044 


0.090 


0.471 


-1.077 


0.189 


0.109 


0.120 


-0.015 


-0.203 


-0.546 


-0.104 


-0.037 



Table 13. Spectral index response: Turnoff star (6200/4.10/0.00/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CO. 15 


C+O0.3 


CN, 


-0.106 


0.021 


0.001 


0.010 


0.000 


-0.001 


-0.002 


-0.002 


0.000 


-0.001 


-0.001 


0.001 


-0.002 


0.000 


0.000 


CN 2 


-0.077 


0.023 


0.000 


0.010 


0.000 


-0.001 


-0.003 


-0.002 


0.000 


-0.001 


-0.001 


0.002 


-0.001 


-0.001 


0.000 


Ca4227 


0.426 


0.270 


-0.076 


-0.052 


0.002 


0.008 


0.057 


0.160 


0.001 


0.006 


-0.055 


0.004 


0.071 


-0.032 


-0.071 


G4300 


3.053 


0.390 


1.092 


0.000 


-0.034 


-0.199 


-0.258 


0.065 


-0.020 


-0.158 


-0.046 


0.101 


0.406 


0.553 


1.059 


Fc4383 


2.212 


0.530 


0.280 


0.000 


-0.016 


-0.082 


0.408 


-0.072 


0.017 


-0.050 


-0.030 


0.129 


0.459 


0.125 


0.261 


Ca4455 


0.359 


0.250 


-0.009 


0.000 


0.000 


-0.011 


-0.045 


-0.005 


-0.005 


0.001 


0.035 


0.019 


0.109 


-0.004 


-0.009 


Fe4531 


2.222 


0.420 


0.003 


0.000 


0.000 


-0.017 


0.090 


0.002 


0.006 


0.000 


0.102 


0.198 


0.440 


0.001 


0.002 


C 2 4668 


0.504 


0.640 


0.883 


0.000 


-0.015 


0.259 


0.174 


0.029 


-0.002 


-0.095 


-0.061 


0.107 


0.595 


0.303 


0.830 


H/J 


3.757 


0.220 


-0.011 


0.000 


0.002 


0.008 


-0.060 


-0.003 


0.000 


0.004 


-0.024 


0.051 


0.252 


-0.005 


-0.009 


Fe5015 


3.222 


0.460 


-0.015 


0.000 


-0.007 


-0.005 


0.241 


0.057 


0.019 


-0.018 


-0.037 


0.241 


0.669 


-0.005 


-0.021 


Mg, 


-0.002 


0.007 


0.015 


0.000 


0.000 


0.000 


-0.004 


0.000 


0.000 


0.000 


-0.002 


0.000 


0.006 


0.005 


0.014 


Mg 2 


0.065 


0.008 


0.008 


0.000 


0.000 


0.021 


-0.001 


0.000 


0.000 


-0.001 


-0.002 


0.001 


0.019 


0.003 


0.008 


Mgf) 


1.461 


0.230 


-0.047 


0.000 


0.004 


0.717 


-0.053 


-0.002 


-0.019 


-0.027 


-0.065 


-0.012 


0.329 


-0.016 


-0.041 


Fc5270 


1.382 


0.280 


0.001 


0.000 


0.000 


0.000 


0.217 


0.081 


0.000 


0.000 


0.024 


0.057 


0.384 


0.000 


0.002 


Fe5270(Sauron) 


1.228 




0.001 


0.000 


0.001 


-0.004 


0.170 


0.074 


0.000 


-0.003 


0.027 


0.033 


0.285 


0.000 


0.001 


Fc5335 


1.119 


0.260 


-0.012 


0.000 


-0.061 


-0.002 


0.212 


-0.001 


0.000 


-0.001 


0.034 


-0.053 


0.270 


-0.005 


-0.072 


Fe5406 


0.591 


0.200 


-0.023 


0.000 


0.000 


0.007 


0.143 


0.000 


0.000 


-0.001 


0.027 


0.010 


0.159 


-0.010 


-0.022 


Fe5709 


0.500 


0.180 


-0.002 


0.000 


0.000 


0.029 


0.082 


0.004 


-0.019 


0.010 


0.006 


0.005 


0.157 


-0.001 


-0.002 


Fe5782 


0.192 


0.200 


0.008 


0.000 


0.000 


0.029 


-0.045 


-0.007 


0.000 


0.014 


0.101 


-0.007 


0.097 


0.003 


0.007 


Na D 


0.630 


0.240 


-0.002 


0.000 


0.001 


-0.011 


-0.014 


-0.025 


0.262 


-0.025 


0.004 


-0.005 


0.163 


-0.001 


-0.001 


TiO, 


0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-0.012 


0.480 


-1.115 


0.000 


0.034 


0.303 


-0.118 


-0.036 


0.005 


0.185 


-0.007 


-0.167 


-0.427 


-0.554 


-1.079 


HyF 


2.258 


0.330 


-0.504 


0.000 


0.014 


0.133 


-0.017 


-0.013 


0.006 


0.084 


-0.007 


-0.016 


-0.015 


-0.246 


-0.489 


HSA 


3.106 


0.640 


-0.196 


-0.019 


0.008 


0.118 


-0.319 


0.011 


0.007 


0.095 


-0.009 


-0.073 


0.021 


-0.086 


-0.186 


HSF 


2.748 


0.400 


-0.039 


-0.004 


0.004 


0.056 


-0.149 


0.028 


0.003 


0.042 


-0.024 


-0.056 


0.020 


-0.017 


-0.035 
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Table 14. Spectral index response: Cool giant (4255/1.90/0.00/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


Index 


io 


Error 


C 


N 


o 


Mg 


Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CO. 15 


C+O0.3 


CNi 


0.145 


0.021 


0.173 


0.067 


-0.072 


-0.014 


-0.019 


-0.002 


0.000 


0.014 


-0.012 


0.004 


0.030 


0.062 


0.014 


CN 2 


0.231 


0.023 


0.187 


0.072 


-0.078 


-0.022 


-0.025 


-0.005 


-0.001 


0.025 


-0.013 


0.006 


0.043 


0.068 


0.016 


Ca4227 


2.704 


0.270 


-0.805 


-0.185 


0.401 


0.109 


0.087 


1.479 


0.053 


-0.038 


-0.132 


-0.012 


1.124 


-0.317 


-0.063 


G4300 


6.912 


0.390 


1.139 


0.079 


-0.566 


0.007 


-0.300 


0.212 


0.045 


0.091 


-0.118 


0.292 


-0.162 


0.394 


-0.060 


Fe4383 


8.705 


0.530 


0.387 


-0.001 


-0.077 


-0.597 


1.961 


-0.245 


-0.037 


-0.141 


-0.206 


0.072 


1.015 


0.144 


0.133 


Ca4455 


1.372 


0.250 


-0.041 


0.007 


0.018 


0.001 


-0.192 


-0.015 


0.000 


0.007 


0.153 


0.071 


0.047 


-0.018 


-0.015 


Fc4531 


6.333 


0.420 


0.009 


0.010 


0.005 


-0.204 


0.290 


0.010 


0.025 


-0.031 


0.102 


0.638 


0.929 


0.000 


-0.003 


C 2 4668 


3.279 


0.640 


8.289 


0.098 


-1.230 


-0.380 


0.058 


0.126 


-0.037 


-0.226 


-0.219 


0.186 


0.733 


2.683 


2.454 


H/J 


0.887 


0.220 


0.006 


0.024 


0.028 


-0.030 


0.017 


0.008 


0.016 


0.031 


-0.072 


0.080 


0.048 


-0.007 


-0.010 


Fe5015 


7.071 


0.460 


-0.114 


0.059 


0.090 


-0.736 


0.692 


0.140 


0.100 


0.038 


0.142 


0.751 


1.075 


-0.055 


-0.041 


Mg, 


0.246 


0.007 


0.107 


0.000 


-0.019 


0.041 


-0.020 


-0.005 


-0.004 


-0.007 


0.000 


0.001 


0.050 


0.035 


0.029 


Mg 2 


0.381 


0.008 


0.041 


-0.001 


-0.010 


0.087 


-0.025 


-0.007 


-0.006 


-0.009 


-0.005 


0.002 


0.066 


0.015 


0.011 


Mgft 


3.694 


0.230 


-0.261 


-0.013 


0.006 


1.577 


-0.423 


-0.077 


-0.108 


-0.085 


-0.407 


0.008 


0.620 


-0.068 


-0.069 


Fc5270 


4.560 


0.280 


0.016 


0.014 


0.015 


-0.147 


0.548 


0.111 


-0.005 


-0.022 


-0.101 


0.057 


0.428 


0.000 


0.005 


Fe5270(Sauron) 


3.537 




0.009 


0.008 


0.009 


-0.135 


0.505 


0.095 


-0.008 


-0.023 


-0.031 


0.009 


0.374 


0.000 


0.003 


Fc5335 


4.320 


0.260 


-0.002 


-0.001 


-0.001 


-0.196 


0.563 


-0.021 


-0.026 


-0.046 


0.171 


0.059 


0.716 


-0.001 


0.000 


Fe5406 


2.984 


0.200 


-0.029 


0.003 


0.007 


-0.106 


0.329 


-0.012 


-0.010 


-0.028 


0.089 


0.046 


0.421 


-0.011 


-0.008 


Fe5709 


1.832 


0.180 


0.009 


0.009 


0.009 


0.005 


0.074 


0.025 


-0.017 


0.015 


0.038 


0.105 


0.306 


0.000 


0.000 


Fe5782 


1.135 


0.200 


0.008 


0.006 


0.006 


0.035 


-0.124 


-0.005 


0.005 


0.019 


0.276 


-0.042 


0.208 


0.001 


0.002 


Na D 


3.247 


0.240 


-0.005 


-0.008 


-0.005 


-0.105 


-0.022 


-0.054 


1.282 


-0.058 


0.014 


-0.063 


1.068 


0.000 


0.010 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.003 


0.000 


0.000 


0.000 


Ti0 2 


0.019 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.001 


0.000 


0.000 


0.000 


0.002 


0.000 


0.000 


0.000 


H-yA 


-14.427 


0.480 


-0.413 


-0.058 


0.451 


0.560 


-1.953 


-0.145 


-0.011 


-0.023 


-0.070 


-0.330 


-1.820 


-0.158 


0.248 


HyF 


-4.041 


0.330 


-0.295 


-0.005 


0.269 


0.171 


-0.556 


-0.048 


0.015 


0.001 


-0.071 


0.012 


-0.534 


-0.116 


0.101 


USA 


-8.164 


0.640 


-0.018 


0.395 


0.344 


0.372 


-2.568 


-0.110 


0.053 


0.571 


0.063 


-0.344 


-1.533 


-0.089 


-0.021 


HSF 


-5.224 


0.400 


-0.180 


0.042 


0.219 


0.341 


-0.975 


0.024 


0.069 


0.146 


-0.017 


-0.279 


-1.252 


-0.112 


-0.032 



Table 15. Spectral index response: Cool dwarf (5297/4.56/0.00/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.015 


0.021 


0.069 


0.054 


-0.024 


-0.009 


-0.009 


-0.002 


-0.001 


0.002 


-0.005 


0.003 


0.034 


CN 2 


0.012 


0.023 


0.072 


0.058 


-0.025 


-0.011 


-0.010 


-0.003 


-0.001 


0.006 


-0.006 


0.004 


0.040 


Ca4227 


0.864 


0.270 


-0.498 


-0.269 


0.189 


0.045 


0.061 


0.583 


0.004 


-0.013 


-0.102 


-0.006 


0.125 


Q4300 


5.206 


0.390 


0.779 


0.000 


-0.525 


-0.221 


-0.460 


0.128 


-0.035 


-0.090 


-0.099 


0.122 


-0.074 


Fe4383 


5.973 


0.530 


0.438 


0.000 


-0.101 


-0.450 


1.260 


-0.222 


0.002 


-0.171 


-0.063 


0.134 


0.710 


Ca4455 


0.669 


0.250 


-0.035 


0.000 


0.008 


-0.027 


-0.017 


-0.037 


-0.009 


-0.008 


0.047 


0.035 


0.131 


Fe4531 


3.001 


0.420 


0.015 


0.000 


-0.004 


-0.133 


0.171 


-0.018 


0.008 


-0.045 


0.113 


0.316 


0.470 


C 2 4668 


1.984 


0.640 


3.881 


0.000 


-0.525 


-0.032 


0.059 


0.025 


0.246 


-0.179 


0.239 


0.119 


0.841 


H« 


1.797 


0.220 


-0.009 


0.000 


0.004 


-0.061 


-0.009 


-0.014 


-0.005 


-0.019 


-0.046 


0.047 


0.178 


Fc5015 


3.866 


0.460 


-0.101 


0.000 


0.015 


-0.396 


0.370 


0.049 


0.019 


-0.052 


-0.012 


0.352 


0.638 


Mgi 


0.048 


0.007 


0.062 


0.000 


-0.009 


0.020 


-0.007 


-0.001 


-0.001 


-0.003 


0.000 


0.001 


0.032 


Mg 2 


0.215 


0.008 


0.031 


0.000 


-0.005 


0.067 


-0.016 


-0.002 


-0.001 


-0.007 


-0.002 


0.001 


0.047 


Mgf) 


4.655 


0.230 


-0.097 


0.001 


0.015 


1.502 


-0.373 


-0.029 


-0.051 


-0.123 


-0.209 


-0.018 


0.692 


Fe5270 


2.807 


0.280 


-0.001 


0.000 


0.003 


-0.130 


0.439 


0.139 


-0.010 


-0.052 


0.020 


0.051 


0.460 


Fc5270(Sauron) 


2.424 




-0.001 


0.000 


0.003 


-0.118 


0.386 


0.129 


-0.009 


-0.048 


0.033 


0.017 


0.377 


Fc5335 


2.504 


0.260 


-0.004 


0.000 


0.003 


-0.132 


0.487 


-0.007 


-0.011 


-0.055 


0.092 


0.018 


0.446 


Fe5406 


1.374 


0.200 


-0.023 


0.000 


0.004 


-0.058 


0.282 


-0.006 


-0.005 


-0.031 


0.064 


0.009 


0.249 


Fe5709 


0.836 


0.180 


-0.001 


0.000 


0.000 


0.017 


0.092 


0.004 


-0.038 


-0.005 


0.015 


0.022 


0.178 


Fc5782 


0.367 


0.200 


0.002 


0.000 


0.000 


0.031 


-0.069 


-0.013 


0.000 


0.007 


0.150 


-0.015 


0.108 


Na D 


2.210 


0.240 


-0.001 


0.000 


0.004 


-0.113 


-0.098 


-0.047 


0.863 


-0.065 


0.002 


-0.008 


0.491 


TiO, 


-0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.001 


-0.001 


Ti0 2 


0.000 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-7.829 


0.480 


-0.712 


0.000 


0.525 


0.653 


-0.800 


-0.095 


0.019 


0.187 


0.032 


-0.213 


-0.620 


HyF 


-1.733 


0.330 


-0.328 


0.000 


0.252 


0.216 


-0.234 


-0.042 


0.012 


0.058 


0.023 


-0.008 


-0.064 


H<5 A 


-4.019 


0.640 


-0.577 


-0.068 


0.233 


0.456 


-1.483 


0.018 


0.038 


0.264 


0.004 


-0.142 


-0.681 


H5F 


-0.908 


0.400 


-0.160 


-0.037 


0.058 


0.162 


-0.558 


0.034 


0.014 


0.093 


-0.023 


-0.114 


-0.286 



A.J. Korn et al.: The sensitivity of Lick indices to abundance variations 
Table 16. Spectral index response: Turnoff star (8048/3.91/0.00/0.00) 



(1) 




(2) 


(3) 




(4) 




(5) 


(6) 


(7) 




(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




I(> 


Error 




c 




N 





Mg 




Fe 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


.299 


0.021 





.000 





000 


0.000 


0.000 


0. 


002 





000 


0.000 


-0.001 


-0.001 


0.002 


-0.001 


CN 2 


-0 


.257 


0.023 





.000 





000 


0.000 


0.000 





003 





.000 


0.000 


-0.001 


-0.001 


0.002 


0.000 


Ca4227 





.151 


0.270 





.018 





002 


0.000 


0.000 


0. 


005 





.017 


0.000 


0.000 


-0.025 


0.009 


0.037 


Q4300 


-2 


.942 


0.390 


-0 


.008 





000 


0.001 


-0.007 





020 





.055 


-0.002 


-0.009 


-0.038 


0.133 


0.092 


Fe4383 


-2 


126 


0.530 


-0 


.026 


-0 


.001 


-0.039 


0.028 


-0 


011 


-0 


.03 1 


0.006 


-0.004 


-0.021 


0.116 


0.001 


Ca4455 





.089 


0.250 





.000 





.000 


0.000 


-0.015 


-0 


.026 





006 


-0.001 


0.000 


0.010 


0.009 


0.05 1 


Fe4531 





.923 


0.420 





.001 





000 


0.000 


-0.011 


0. 


105 


-0 


.009 


0.001 


0.002 


0.063 


0.168 


0.327 


C 2 4668 


-0 


.307 


0.640 


-0 


.019 





000 


0.000 


0.016 


0. 


085 





.035 


0.007 


-0.033 


-0.094 


0.023 


-0.003 


US 


8 


504 


0.220 


-0 


.005 





000 


0.001 


0.003 


-0 


059 


-0 


.001 


0.000 


0.028 


-0.004 


0.018 


0.109 


Fe5015 


1 


.193 


0.460 





.014 





000 


-0.030 


-0.006 





236 





.054 


0.014 


-0.045 


-0.014 


0.151 


0.471 


Mgj 


-0 


.022 


0.007 





.000 





.000 


0.000 


0.000 


0. 


001 





000 


0.000 


0.000 


-0.002 


0.000 


0.000 


Mg 2 





.006 


0.008 





.000 





000 


0.000 


0.002 





002 





.000 


0.000 


0.000 


-0.002 


0.001 


0.003 


Mgi 





315 


0.230 





000 





000 


0.000 


0.072 


-0 


050 





.000 


-0.004 


0.000 


-0.031 


0.009 


-0.021 


Fc5270 





.630 


0.280 





.008 





000 


0.000 


-0.002 


0. 


095 





068 


0.000 


0.002 


0.001 


0.041 


0.196 


Fc5270(Sauron) 





.656 







.006 





000 


0.000 


-0.002 


0. 


077 





.063 


0.000 


0.002 


0.004 


0.027 


0.170 


Fc5335 





.359 


0.260 


-0 


.025 





.000 


0.014 


-0.001 


0. 


073 


-0 


.015 


0.000 


0.001 


0.006 


0.015 


0.076 


Fe5406 





.137 


0.200 


-0 


.023 





000 


0.000 


-0.001 





076 





.000 


0.000 


-0.001 


0.017 


-0.015 


0.048 


Fe5709 





113 


0.180 


-0 


005 





000 


0.000 


0.018 


0. 


049 





.001 


-0.017 


0.004 


-0.001 


0.001 


0.059 


Fc5782 





.041 


0.200 





.013 





000 


0.000 


0.010 


-0 


.020 


-0 


.002 


0.000 


0.001 


0.033 


-0.001 


0.031 


Na D 





.223 


0.240 


-0 


.002 





000 


0.000 


0.000 


-0 


.016 


-0 


.015 


0.035 


-0.008 


0.003 


0.000 


0.009 


TiO, 





001 


0.007 





000 





000 


0.000 


0.000 


0. 


000 





.000 


0.000 


0.001 


0.000 


0.000 


0.000 


Ti0 2 


-0 


.001 


0.006 





.000 





000 


0.000 


0.000 





000 





.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


13 


220 


0.480 





020 





001 


0.005 


0.010 


-0 


.082 


-0 


.026 


-0.001 


0.039 


-0.010 


-0.092 


0.066 


HyF 


8 


.812 


0.330 





.013 





000 


-0.002 


0.006 


-0 


.033 


-0 


.009 


0.000 


0.024 


-0.006 


-0.009 


0.083 


HSA 


13 


588 


0.640 


-0 


.001 





001 


0.005 


-0.001 


-0 


128 


-0 


.007 


0.000 


0.034 


-0.008 


-0.024 


0.027 


H<SF 


8 


526 


0.400 





.006 





000 


0.001 


0.003 


-0 


092 





.001 


0.000 


0.015 


-0.006 


-0.013 


0.000 



Table 17. Spectral index response: Cool giant (4336/1.83/0.00/0.00) 



(1) 




(2) 


(3) 




(4) 


(5) 


(6) 




(7) 




(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




In 


Error 




c 


N 


o 




Mg 




Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 





162 


0.021 





165 


0.069 


-0.075 


-0 


017 


-0 


.021 


-0.006 


-0.002 


0.009 


-0.012 


0.002 


0.032 


CN 2 





.238 


0.023 





.178 


0.075 


-0.082 


-0 


024 


-0 


.027 


-0.008 


-0.003 


0.020 


-0.013 


0.004 


0.046 


Ca4227 


2 


050 


0.270 


-0 


842 


-0.222 


0.406 





091 





.064 


1.333 


0.023 


-0.060 


-0.139 


-0.031 


1.038 


G4300 


7 


.165 


0.390 





.908 


0.000 


-0.610 


-0 


077 


-0 


.384 


0.116 


-0.035 


0.006 


-0.176 


0.172 


-0.195 


Fe4383 


8 


111 


0.530 





.421 


0.000 


-0.085 


-0 


.513 


1 


.737 


-0.197 


-0.013 


-0.140 


-0.194 


0.092 


0.989 


Ca4455 


1 


.326 


0.250 


-0 


049 


0.000 


0.011 


-0 


008 


-0 


.201 


-0.017 


-0.008 


-0.001 


0.142 


0.067 


0.062 


Fc4531 


6 


161 


0.420 


-0 


009 


0.000 


-0.004 


-0 


193 





.271 


0.005 


0.016 


-0.044 


0.088 


0.543 


0.878 


C 2 4668 


3 


.937 


0.640 


8 


.827 


-0.001 


-1.440 


-0 


480 


-0 


.095 


0.014 


-0.138 


-0.366 


-0.288 


0.091 


1.043 


HP 


1 


.021 


0.220 


-0 


018 


0.000 


0.003 


-0 


064 


-0 


.014 


-0.014 


-0.007 


0.008 


-0.095 


0.068 


0.059 


Fe5015 


7 


.417 


0.460 


-0 


.266 


0.000 


0.047 


-0 


.702 





.614 


0.070 


0.032 


-0.029 


0.073 


0.571 


1.036 


Mg, 





195 


0.007 





.127 


0.000 


-0.020 





047 


-0 


.006 


-0.003 


-0.002 


-0.007 


0.010 


0.010 


0.065 


Mg 2 





.321 


0.008 





044 


0.000 


-0.011 





081 


-0 


.021 


-0.004 


-0.003 


-0.008 


-0.004 


0.003 


0.067 


Mgi> 


3 


.051 


0.230 


-0 


.349 


0.001 


0.038 


1 


565 


-0 


.378 


-0.044 


-0.080 


-0.070 


-0.348 


0.017 


0.647 


Fc5270 


4 


.427 


0.280 


-0 


001 


0.000 


0.001 


-0 


148 





500 


0.098 


-0.015 


-0.041 


-0.112 


0.038 


0.436 


Fe5270(Sauron) 


3 


.403 




-0 


001 


0.000 


0.001 


-0 


130 





.465 


0.086 


-0.013 


-0.036 


-0.039 


-0.001 


0.379 


Fc5335 


4 


130 


0.260 


-0 


003 


0.000 


0.001 


-0 


169 





.527 


-0.012 


-0.018 


-0.045 


0.153 


0.058 


0.716 


Fe5406 


2 


.818 


0.200 


-0 


.040 


o.ooo 


0.005 


-0 


.095 





306 


-0.011 


-0.009 


-0.035 


0.074 


0.045 


0.422 


Fe5709 


1 


.779 


0.180 


-0 


.001 


0.000 


0.000 


-0 


002 





.064 


0.014 


-0.025 


0.006 


0.030 


0.092 


0.308 


Fe5782 


1 


.080 


0.200 





.002 


0.000 


0.000 


0. 


030 


-0 


132 


-0.011 


-0.001 


0.013 


0.269 


-0.049 


0.216 


NaD 


2 


751 


0.240 





000 


0.001 


0.003 


-0 


087 


-0 


.007 


-0.045 


1.098 


-0.054 


0.017 


-0.059 


0.938 


TiO, 





000 


0.007 





000 


0.000 


0.000 





000 





000 


-0.001 


0.000 


0.000 


0.000 


0.003 


0.000 


Ti0 2 





.018 


0.006 





000 


0.000 


0.000 


0. 


000 





.000 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.000 


HyA 


-13 


.729 


0.480 


-0 


.240 


0.000 


0.482 





508 


-1 


.645 


-0.082 


0.023 


0.036 


0.020 


-0.243 


-1.669 


HyF 


-3 


.646 


0.330 


-0 


.230 


0.000 


0.263 


0. 


130 


-0 


.436 


-0.041 


0.012 


0.003 


-0.058 


0.024 


-0.458 


H<SA 


-7 


909 


0.640 





.117 


0.470 


0.286 


0. 


302 


-2 


423 


-0.070 


0.032 


0.554 


0.060 


-0.033 


-1.338 


H<SF 


-4 


.884 


0.400 


-0 


152 


0.036 


0.173 


0. 


235 


-0 


.974 


0.000 


0.025 


0.087 


-0.044 


-0.303 


-1.201 
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Table 18. Spectral index response: Cool dwarf (4466/4.60/-0.35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


I(> 


Error 


C 


N 


o 


Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CNi 


-0.040 


0.021 


0.096 


0.027 


-0.020 


-0.001 


-0.004 


-0.006 


0.000 


0.010 


-0.019 


0.003 


0.006 


CN 2 


0.021 


0.023 


0.102 


0.028 


-0.021 


-0.006 


-0.006 


-0.009 


-0.001 


0.017 


-0.019 


0.004 


0.013 


Ca4227 


3.836 


0.270 


-0.589 


-0.111 


0.149 


-0.098 


-0.083 


1.073 


-0.035 


-0.057 


-0.182 


-0.007 


0.626 


G4300 


4.639 


0.390 


1.821 


0.000 


-0.802 


-0.198 


-0.475 


0.301 


-0.060 


-0.031 


-0.224 


0.477 


0.070 


Fe4383 


10.513 


0.530 


0.180 


0.000 


0.007 


-1.050 


2.560 


-0.659 


-0.209 


-0.155 


-0.158 


0.029 


0.862 


Ca4455 


0.868 


0.250 


-0.053 


0.000 


0.012 


-0.049 


-0.005 


-0.108 


-0.022 


-0.007 


0.046 


-0.008 


0.060 


Fe4531 


4.672 


0.420 


0.040 


0.000 


-0.010 


-0.416 


0.250 


-0.131 


-0.053 


-0.049 


0.169 


0.901 


0.655 


C 2 4668 


0.447 


0.640 


1.653 


0.000 


-0.148 


-0.182 


0.276 


0.120 


-0.004 


-0.065 


-0.196 


0.158 


0.050 




0.563 


0.220 


-0.009 


0.000 


0.002 


-0.063 


0.032 


-0.032 


-0.009 


-0.013 


-0.065 


0.018 


0.038 


Fe5015 


3.599 


0.460 


-0.010 


0.000 


-0.001 


-0.785 


0.310 


0.004 


-0.003 


-0.040 


-0.010 


1.221 


0.808 


Mg, 


0.230 


0.007 


0.022 


0.000 


-0.002 


0.032 


-0.019 


-0.006 


-0.005 


-0.002 


-0.003 


0.000 


0.016 


Mg 2 


0.494 


0.008 


0.012 


0.000 


-0.001 


0.084 


-0.030 


-0.014 


-0.012 


-0.006 


-0.005 


0.003 


0.046 


Mgb 


6.990 


0.230 


-0.031 


0.000 


0.006 


1.494 


-0.632 


-0.146 


-0.150 


-0.057 


-0.530 


-0.110 


0.263 


Fc5270 


4.667 


0.280 


0.001 


0.000 


0.002 


-0.334 


0.695 


0.178 


-0.091 


-0.047 


0.051 


0.037 


0.478 


Fe5270(Sauron) 


4.019 




0.000 


0.000 


0.002 


-0.288 


0.576 


0.175 


-0.079 


-0.041 


0.050 


0.000 


0.405 


Fc5335 


4.211 


0.260 


0.000 


0.000 


0.002 


-0.371 


0.798 


-0.104 


-0.101 


-0.056 


0.233 


0.020 


0.531 


Fc5406 


2.600 


0.200 


-0.004 


0.000 


0.001 


-0.211 


0.454 


-0.069 


-0.060 


-0.031 


0.156 


0.029 


0.334 


Fe5709 


0.954 


0.180 


0.000 


0.000 


0.000 


-0.011 


0.129 


-0.011 


-0.089 


-0.004 


0.020 


0.05 1 


0.182 


Fe5782 


0.562 


0.200 


0.000 


0.000 


0.000 


-0.003 


-0.062 


-0.028 


-0.009 


0.000 


0.233 


-0.027 


0.117 


Na D 


6.427 


0.240 


0.001 


0.001 


0.006 


-0.306 


-0.200 


-0.167 


1.713 


-0.051 


-0.008 


-0.038 


1.089 


TiO, 


-0.002 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.002 


-0.001 


Ti0 2 


0.003 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.003 


0.000 


0.000 


0.000 


0.001 


0.000 


H-yA 


-13.875 


0.480 


-1.386 


-0.001 


0.711 


1.396 


-2.188 


-0.083 


0.276 


0.151 


0.156 


-0.582 


-1.290 


HyF 


-4.187 


0.330 


-0.618 


0.000 


0.325 


0.378 


-0.680 


-0.067 


0.079 


0.035 


0.228 


-0.096 


-0.249 


H<SA 


-9.800 


0.640 


-1.123 


-0.089 


0.337 


1.088 


-3.209 


0.331 


0.265 


0.472 


0.054 


-0.208 


-0.983 


H<SF 


-4.325 


0.400 


-0.294 


-0.034 


0.073 


0.460 


-1.053 


0.200 


0.116 


0.121 


-0.009 


-0.201 


-0.489 



Table 19. Spectral index response: Turnoff star (5822/4.22/-0.35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


In 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.078 


0.021 


0.004 


0.013 


0.000 


-0.001 


-0.003 


-0.002 


0.000 


0.000 


-0.002 


0.001 


0.002 


CN 2 


-0.054 


0.023 


0.003 


0.014 


0.000 


-0.001 


-0.003 


-0.002 


0.000 


0.000 


-0.002 


0.002 


0.003 


Ca4227 


0.449 


0.270 


-0.129 


-0.074 


0.011 


0.014 


0.050 


0.201 


0.001 


0.007 


-0.054 


0.004 


0.045 


G4300 


4.399 


0.390 


0.937 


0.000 


-0.110 


-0.250 


-0.356 


0.059 


-0.021 


-0.179 


-0.052 


0.089 


0.277 


Fc4383 


2.943 


0.530 


0.362 


0.000 


-0.024 


-0.131 


0.529 


-0.088 


0.009 


-0.076 


-0.021 


0.129 


0.560 


Ca4455 


0.343 


0.250 


-0.014 


0.000 


0.001 


-0.010 


-0.031 


-0.012 


-0.004 


0.001 


0.028 


0.016 


0.106 


Fc4531 


2.071 


0.420 


0.010 


0.000 


-0.001 


-0.028 


0.101 


0.000 


0.004 


-0.007 


0.108 


0.207 


0.435 


C 2 4668 


0.609 


0.640 


1.012 


0.000 


-0.050 


0.223 


0.150 


0.023 


0.004 


-0.096 


-0.071 


0.097 


0.578 


H« 


2.619 


0.220 


-0.007 


0.000 


0.001 


-0.005 


-0.060 


-0.004 


-0.001 


-0.004 


-0.018 


0.050 


0.188 


Fc5015 


2.940 


0.460 


-0.019 


0.000 


-0.001 


-0.034 


0.222 


0.040 


0.020 


-0.009 


-0.033 


0.240 


0.629 


Mg, 


0.000 


0.007 


0.017 


0.000 


-0.001 


0.002 


-0.005 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.007 


Mg, 


0.076 


0.008 


0.010 


0.000 


0.000 


0.025 


-0.003 


0.000 


0.000 


-0.002 


-0.001 


0.001 


0.021 


Mgb 


1.818 


0.230 


-0.048 


0.000 


0.004 


0.814 


-0.094 


-0.004 


-0.017 


-0.044 


-0.074 


-0.013 


0.370 


Fe5270 


1.390 


0.280 


0.000 


0.000 


0.000 


-0.011 


0.240 


0.085 


-0.001 


-0.008 


0.023 


0.055 


0.364 


Fe5270(Sauron) 


1.241 




0.000 


0.000 


0.000 


-0.015 


0.199 


0.079 


-0.001 


-0.011 


0.027 


0.030 


0.282 


Fc5335 


1.206 


0.260 


-0.004 


0.000 


0.001 


-0.015 


0.256 


0.004 


-0.001 


-0.010 


0.036 


0.016 


0.291 


Fe5406 


0.633 


0.200 


-0.016 


0.000 


0.001 


0.002 


0.160 


0.000 


0.000 


-0.002 


0.029 


0.002 


0.165 


Fe5709 


0.475 


0.180 


-0.001 


0.000 


0.000 


0.027 


0.089 


0.003 


-0.021 


0.007 


0.006 


0.005 


0.152 


Fc5782 


0.160 


0.200 


0.003 


0.000 


0.000 


0.026 


-0.036 


-0.005 


0.000 


0.010 


0.099 


-0.007 


0.084 


NaD 


0.781 


0.240 


-0.001 


0.000 


0.001 


-0.023 


-0.028 


-0.027 


0.327 


-0.029 


0.002 


-0.007 


0.185 


TiO, 


0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-3.160 


0.480 


-1.045 


0.000 


0.112 


0.392 


-0.133 


-0.037 


0.012 


0.225 


0.003 


-0.167 


-0.522 


HyF 


0.406 


0.330 


-0.507 


0.000 


0.052 


0.176 


-0.005 


-0.013 


0.009 


0.107 


0.005 


-0.009 


-0.05 1 


H<5 A 


0.785 


0.640 


-0.239 


-0.032 


0.022 


0.154 


-0.462 


0.019 


0.010 


0.119 


-0.001 


-0.072 


-0.159 


HiSF 


1.413 


0.400 


-0.069 


-0.007 


0.006 


0.069 


-0.195 


0.032 


0.004 


0.056 


-0.016 


-0.055 


-0.041 
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Table 20. Spectral index response: Cool giant (4414/1. 77/-0.35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


I(> 


Error 


C 


N 


o 


Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CNi 


0.117 


0.021 


0.145 


0.078 


-0.063 


-0.019 


-0.022 


-0.011 


-0.002 


0.004 


-0.008 


0.004 


0.046 


CN 2 


0.169 


0.023 


0.158 


0.085 


-0.068 


-0.025 


-0.027 


-0.014 


-0.002 


0.014 


-0.008 


0.005 


0.058 


Ca4227 


0.698 


0.270 


-0.902 


-0.322 


0.423 


0.129 


0.099 


0.859 


0.013 


-0.032 


-0.120 


-0.025 


0.556 


G4300 


7.545 


0.390 


0.707 


0.000 


-0.570 


-0.086 


-0.368 


0.079 


-0.029 


-0.005 


-0.124 


0.104 


-0.144 


Fe4383 


6.857 


0.530 


0.523 


0.000 


-0.117 


-0.405 


1.173 


-0.129 


0.006 


-0.141 


-0.115 


0.147 


0.855 


Ca4455 


1.129 


0.250 


-0.055 


0.000 


0.013 


-0.008 


-0.159 


-0.009 


-0.009 


-0.001 


0.107 


0.054 


0.126 


Fe4531 


5.094 


0.420 


0.011 


0.000 


-0.007 


-0.131 


0.153 


0.010 


0.011 


-0.039 


0.107 


0.355 


0.663 


C 2 4668 


3.092 


0.640 


6.699 


0.000 


-0.905 


-0.294 


0.028 


0.010 


-0.082 


-0.273 


-0.135 


0.149 


1.061 


BfS 


1.047 


0.220 


-0.010 


0.000 


0.001 


-0.053 


-0.021 


-0.009 


-0.004 


-0.005 


-0.073 


0.064 


0.094 


Fc5015 


6.476 


0.460 


-0.236 


0.000 


0.042 


-0.470 


0.511 


0.044 


0.024 


-0.029 


0.030 


0.360 


0.891 


Mg, 


0.118 


0.007 


0.099 


0.000 


-0.015 


0.026 


-0.013 


-0.002 


-0.001 


-0.005 


0.000 


0.000 


0.043 


Mg 2 


0.209 


0.008 


0.043 


0.000 


-0.009 


0.061 


-0.014 


-0.002 


-0.001 


-0.006 


-0.002 


0.002 


0.053 


Mgb 


2.038 


0.230 


-0.326 


0.000 


0.027 


1.262 


-0.248 


-0.022 


-0.059 


-0.061 


-0.228 


-0.019 


0.477 


Fc5270 


3.677 


0.280 


-0.001 


0.000 


0.000 


-0.110 


0.422 


0.094 


-0.009 


-0.040 


-0.058 


0.049 


0.494 


Fc5270(Sauron) 


2.773 




0.000 


0.000 


0.001 


-0.093 


0.377 


0.086 


-0.008 


-0.033 


-0.006 


0.012 


0.403 


Fc5335 


3.200 


0.260 


-0.002 


0.000 


0.001 


-0.110 


0.423 


-0.001 


-0.009 


-0.038 


0.096 


0.038 


0.585 


Fc5406 


2.139 


0.200 


-0.032 


0.000 


0.004 


-0.060 


0.277 


-0.006 


-0.005 


-0.028 


0.058 


0.046 


0.399 


Fe5709 


1.400 


0.180 


0.000 


0.000 


0.000 


0.002 


0.063 


0.005 


-0.024 


0.005 


0.033 


0.059 


0.248 


Fe5782 


0.757 


0.200 


0.001 


0.000 


0.000 


0.033 


-0.108 


-0.009 


0.000 


0.012 


0.247 


-0.040 


0.204 


Na D 


1.669 


0.240 


0.000 


0.000 


0.001 


-0.059 


-0.008 


-0.040 


0.665 


-0.043 


0.008 


-0.040 


0.546 


TiO, 


-0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.002 


0.000 


Ti0 2 


0.015 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.002 


H-yA 


-11.941 


0.480 


-0.425 


0.000 


0.468 


0.343 


-1.060 


-0.047 


0.001 


0.034 


0.095 


-0.213 


-1.195 


HyF 


-3.307 


0.330 


-0.157 


0.000 


0.258 


0.099 


-0.326 


-0.027 


0.007 


0.005 


-0.001 


0.025 


-0.281 


H<SA 


-6.145 


0.640 


-0.208 


0.247 


0.410 


0.340 


-1.426 


0.205 


0.029 


0.487 


0.050 


-0.296 


-1.092 


H<SF 


-3.404 


0.400 


-0.225 


-0.028 


0.153 


0.202 


-0.518 


0.176 


0.017 


0.131 


-0.035 


-0.269 


-0.866 



Table 21. Spectral index response: Cool dwarf (4385/4.83/-1. 35/0.00) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


In 


Error 


c 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.035 


0.021 


0.015 


0.006 


0.000 


-0.002 


-0.002 


-0.004 


-0.001 


0.014 


-0.013 


0.001 


-0.009 


CN 2 


0.006 


0.023 


0.014 


0.007 


0.001 


-0.004 


-0.003 


-0.005 


-0.001 


0.023 


-0.013 


0.002 


0.000 


Ca4227 


2.230 


0.270 


-0.281 


-0.036 


0.067 


0.031 


-0.039 


0.905 


0.017 


-0.069 


-0.112 


-0.003 


0.704 


G430O 


3.900 


0.390 


2.188 


0.000 


-0.971 


-0.069 


-0.374 


0.189 


0.002 


-0.022 


-0.182 


0.316 


0.100 


Fe4383 


7.041 


0.530 


0.218 


0.000 


-0.005 


-0.453 


1.979 


-0.313 


-0.049 


-0.099 


-0.044 


0.054 


1.349 


Ca4455 


0.436 


0.250 


-0.041 


0.000 


0.010 


-0.020 


0.030 


-0.058 


-0.005 


-0.004 


0.019 


0.008 


0.131 


Fe4531 


2.748 


0.420 


0.051 


0.000 


-0.011 


-0.179 


0.252 


-0.028 


-0.004 


-0.027 


0.154 


0.532 


0.702 


C 2 4668 


-0.031 


0.640 


0.219 


0.000 


-0.010 


-0.124 


0.216 


0.057 


0.025 


-0.005 


-0.080 


0.124 


0.044 


H« 


0.312 


0.220 


-0.001 


0.000 


0.001 


-0.007 


-0.014 


-0.008 


0.002 


-0.007 


-0.027 


0.021 


0.033 


Fe5015 


1.528 


0.460 


-0.005 


0.000 


0.000 


-0.610 


0.311 


0.037 


0.044 


-0.006 


-0.035 


0.706 


0.572 


Mg, 


0.161 


0.007 


0.002 


0.000 


0.000 


0.040 


-0.008 


-0.002 


-0.002 


-0.003 


0.000 


0.001 


0.035 


Mg, 


0.344 


0.008 


0.001 


0.000 


0.000 


0.084 


-0.017 


-0.003 


-0.003 


-0.004 


-0.002 


0.002 


0.064 


Mgb 


5.141 


0.230 


0.010 


0.000 


-0.001 


1.346 


-0.313 


-0.038 


-0.038 


-0.052 


-0.327 


-0.031 


0.724 


Fc5270 


3.063 


0.280 


0.000 


0.000 


0.000 


-0.145 


0.554 


0.154 


-0.017 


-0.032 


0.082 


0.036 


0.633 


Fe5270(Sauron) 


2.657 




0.000 


0.000 


0.000 


-0.126 


0.481 


0.148 


-0.016 


-0.028 


0.060 


0.009 


0.531 


Fc5335 


2.697 


0.260 


0.000 


0.000 


0.000 


-0.164 


0.622 


-0.017 


-0.023 


-0.035 


0.141 


0.013 


0.550 


Fe5406 


1.601 


0.200 


-0.001 


0.000 


0.000 


-0.094 


0.371 


-0.016 


-0.013 


-0.020 


0.098 


0.013 


0.355 


Fe5709 


0.394 


0.180 


0.000 


0.000 


0.000 


0.016 


0.103 


-0.003 


-0.050 


-0.003 


0.007 


0.013 


0.143 


Fe5782 


0.187 


0.200 


0.000 


0.000 


0.000 


0.000 


-0.015 


-0.002 


0.000 


-0.001 


0.130 


-0.011 


0.108 


NaD 


3.802 


0.240 


0.000 


0.000 


0.000 


-0.065 


-0.100 


-0.032 


1.330 


-0.032 


0.001 


-0.015 


1.115 


TiO, 


-0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.000 


Ti0 2 


0.002 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.002 


0.000 


0.000 


0.000 


0.000 


0.001 


HyA 


-9.406 


0.480 


-1.814 


0.000 


0.870 


0.535 


-1.385 


-0.164 


0.036 


0.089 


0.044 


-0.397 


-1.582 


HyF 


-3.293 


0.330 


-0.865 


0.000 


0.413 


0.195 


-0.482 


-0.063 


0.017 


0.029 


0.149 


-0.071 


-0.337 


H<5 A 


-6.547 


0.640 


-0.852 


-0.027 


0.238 


0.446 


-2.228 


0.092 


0.060 


0.383 


0.008 


-0.088 


-1.207 


HiSF 


-2.870 


0.400 


-0.184 


-0.005 


0.050 


0.207 


-0.802 


0.087 


0.029 


0.084 


-0.011 


-0.087 


-0.583 
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Table 22. Spectral index response: Turnoff star (6383/4. 16/- 1.35/0.00) 



(1) 




(2) 


(3) 




(4) 


(5) 




(6) 




(7) 




(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




I.. 


Error 




c 


N 









Mg 




Fc 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CNi 


-0 


.091 


0.021 


-0 


001 


0.000 





000 





000 





001 





.000 


0.000 


0.000 


-0.001 


0.001 


-0.002 


CN 2 


-0 


.066 


0.023 


-0 


002 


0.000 





000 





000 





002 





000 


0.000 


0.000 


0.000 


0.001 


-0.001 


Ca4227 





.128 


0.270 


-0 


001 


0.000 





000 





000 





007 





.038 


0.000 


0.000 


-0.008 


0.004 


0.037 


G4300 


-0 


259 


0.390 





.296 


0.000 





000 


-0 


008 





023 





052 


-0.001 


-0.003 


-0.015 


0.111 


0.388 


Fe4383 





.323 


0.530 





027 


0.000 


-0 


.001 


-0 


004 





129 


-0 


.029 


0.001 


0.000 


-0.010 


0.078 


0.211 


Ca4455 





105 


0.250 


-0 


001 


0.000 





.000 


-0 


.009 


-0 


019 


-0 


.003 


0.000 


0.000 


0.001 


0.010 


0.021 


Fe4531 





498 


0.420 





001 


0.000 





000 


-0 


011 





085 


-0 


.015 


0.000 


0.000 


0.039 


0.122 


0.231 


C 2 4668 





021 


0.640 





001 


0.000 





000 





096 





038 





.044 


0.039 


-0.009 


-0.031 


0.008 


-0.005 


H/J 


3 


692 


0.220 


-0 


001 


0.000 





000 





003 


-0 


032 


-0 


003 


0.000 


0.002 


0.003 


0.007 


0.065 


Fe5015 





.774 


0.460 





001 


0.000 


-0 


.001 


-0 


.001 


0. 


149 





.013 


-0.015 


0.002 


-0.004 


0.087 


0.357 


Mg, 


-0 


.004 


0.007 





000 


0.000 





000 





000 





000 





.000 


0.000 


0.000 


-0.001 


0.000 


0.001 


Mg 2 





.018 


0.008 





000 


0.000 





000 





004 





001 





000 


0.000 


0.000 


-0.001 


0.001 


0.005 


Mgb 





.463 


0.230 





000 


0.000 





000 





.165 


-0 


063 





.000 


-0.001 


0.000 


-0.021 


0.011 


0.074 


Fc5270 





.403 


0.280 





.000 


0.000 





000 





000 





058 





.061 


0.000 


0.000 


0.001 


0.012 


0.122 


Fe5270(Sauron) 





.414 







000 


0.000 





.000 





.000 





050 





.059 


0.000 


0.000 


0.005 


0.007 


0.116 


Fc5335 





.352 


0.260 


-0 


001 


0.000 





000 





000 





052 





.001 


0.000 


0.000 


0.019 


0.013 


0.087 


Fc5406 





194 


0.200 


-0 


003 


0.000 





000 





000 





052 





000 


0.000 


0.000 


0.014 


-0.012 


0.050 


Fe5709 





073 


0.180 





000 


0.000 





000 





012 





034 





.000 


-0.010 


0.002 


0.000 


0.000 


0.045 


Fe5782 





01 1 


0.200 





.001 


0.000 





000 





.002 


-0 


007 





.000 


0.000 


0.000 


0.014 


0.000 


0.011 


Na D 





.247 


0.240 





000 


0.000 





.000 





000 


-0 


015 


-0 


.008 


0.055 


-0.003 


0.000 


-0.001 


0.033 


TiO, 





000 


0.007 





000 


0.000 





000 





000 





000 





.000 


0.000 


0.000 


().()()() 


0.000 


0.000 


Ti0 2 


-0 


.001 


0.006 





000 


0.000 





000 





000 





000 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


3 


669 


0.480 


-0 


.236 


0.000 





000 





032 


-0 


114 


-0 


.036 


0.000 


0.006 


0.018 


-0.088 


-0.305 


HyF 


3 


.440 


0.330 


-0 


.099 


0.000 





000 





015 


-0 


034 


-0 


.013 


0.000 


0.004 


0.013 


-0.010 


-0.052 


HiSA 


4 


.226 


0.640 


-0 


016 


0.000 





000 





007 


-0 


147 





.000 


0.000 


0.012 


0.006 


-0.018 


-0.048 


H<SF 


3 


464 


0.400 


-0 


004 


0.000 





000 





005 


-0 


084 





.002 


0.000 


0.010 


0.002 


-0.010 


-0.038 



Table 23. Spectral index response: Cool giant (4662/1. 83/- 1.35/0.00) 



(1) 




(2) 


(3) 




(4) 




(5) 




(6) 


(7) 


(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




In 


Error 




c 




N 







Mg 


Fe 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


021 


0.021 





.025 





030 


-0 


005 


0.000 


-0.007 


-0 


002 


0.000 


0.002 


-0.002 


0.001 


0.021 


CN 2 


-0 


.004 


0.023 





.025 





032 


-0 


005 


0.000 


-0.008 


-0 


.002 


0.000 


0.006 


-0.002 


0.002 


0.025 


Ca4227 





.149 


0.270 


-0 


.364 


-0 


.200 





103 


0.000 


0.064 





.196 


0.004 


0.019 


-0.041 


0.004 


-0.015 


Q4300 


7 


.853 


0.390 





.401 





000 


-0 


.333 


-0.008 


-0.243 





.043 


-0.010 


-0.073 


-0.044 


0.071 


0.118 


Fe4383 


3 


.683 


0.530 





.628 





000 


-0 


.123 


-0.004 


0.316 


-0 


.061 


-0.005 


-0.110 


-0.005 


0.165 


0.650 


Ca4455 





.475 


0.250 


-0 


.036 





000 





007 


-0.009 


-0.046 


-0 


003 


-0.002 


0.002 


0.024 


0.005 


0.135 


Fe4531 


2 


.863 


0.420 





.037 





000 


-0 


008 


-0.011 


0.092 





.002 


0.000 


-0.015 


0.141 


0.252 


0.561 


C 2 4668 





.747 


0.640 


1 


.165 





000 


-0 


136 


0.096 


0.211 





021 


0.006 


-0.067 


-0.124 


0.148 


0.502 


H« 





.853 


0.220 





.004 





.000 


-0 


002 


0.003 


-0.083 


-0 


.004 


-0.001 


-0.007 


0.001 


0.070 


0.100 


Fc5015 


3 


.725 


0.460 


-0 


.042 





.000 





006 


-0.001 


0.214 





.020 


0.020 


-0.001 


-0.042 


0.346 


0.777 


Mg, 





.012 


0.007 





.020 





000 


-0 


002 


0.000 


-0.001 





000 


0.000 


0.000 


-0.001 


0.000 


0.011 


Mg, 





.059 


0.008 





.013 





000 


-0 


002 


0.004 


-0.002 





.000 


0.000 


-0.001 


-0.002 


0.001 


0.016 


Mgb 





.525 


0.230 


-0 


.055 





.000 





.005 


0.165 


-0.111 


-0 


.003 


-0.009 


-0.019 


-0.059 


-0.037 


0.092 


Fe5270 


1 


.624 


0.280 





.000 





.000 





000 


0.000 


0.208 





.081 


0.000 


-0.007 


0.008 


0.082 


0.373 


Fe5270(Sauron) 


1 


.281 







.000 





000 





000 


0.000 


0.154 





.077 


-0.001 


-0.007 


0.013 


0.039 


0.257 


Fc5335 


1 


.464 


0.260 





.000 





000 





000 


0.000 


0.200 





008 


-0.001 


-0.009 


0.046 


0.020 


0.304 


Fe5406 





.879 


0.200 


-0 


.007 





.000 





001 


0.000 


0.169 





.000 


0.000 


-0.001 


0.027 


0.002 


0.216 


Fe5709 





.588 


0.180 





.000 





.000 





000 


0.012 


0.110 





.001 


-0.022 


0.009 


0.005 


0.005 


0.198 


Fc5782 





.173 


0.200 





.000 





.000 





000 


0.002 


-0.019 


-0 


.001 


0.000 


0.005 


0.098 


-0.009 


0.095 


NaD 





.580 


0.240 





.000 





000 





000 


0.000 


-0.030 


-0 


.029 


0.162 


-0.018 


0.001 


-0.010 


0.099 


TiO, 





.000 


0.007 





.000 





000 





000 


0.000 


0.000 





000 


0.000 


0.000 


0.000 


0.001 


0.000 


Ti0 2 





.004 


0.006 





.000 





000 





.000 


0.000 


0.001 





.000 


0.000 


0.000 


0.000 


0.001 


0.002 


Fry A 


-8 


.376 


0.480 


-0 


.192 





000 





305 


0.032 


-0.228 


-0 


.041 


0.005 


0.076 


0.071 


-0.203 


-0.676 


HyF 


-2 


.629 


0.330 


-0 


.112 





000 





169 


0.015 


-0.026 


-0 


014 


0.005 


0.044 


0.055 


0.013 


-0.052 


H<5 A 


-2 


.538 


0.640 


-0 


.667 


-0 


132 





.179 


0.007 


-0.240 





.016 


0.013 


0.132 


0.025 


-0.100 


-0.572 


HiSF 


-1 


151 


0.400 


-0 


.160 


-0 


032 





043 


0.005 


-0.124 





.031 


0.004 


0.064 


-0.005 


-0.078 


-0.342 
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Table 24. Spectral index response: Cool dwarf (4385/4.83/-1.35/+0.30) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.016 


0.021 


0.012 


0.007 


0.001 


-0.003 


-0.001 


-0.004 


-0.001 


0.014 


-0.010 


0.001 


-0.004 


CN 2 


0.025 


0.023 


0.010 


0.007 


0.002 


-0.005 


-0.002 


-0.005 


-0.001 


0.022 


-0.010 


0.002 


0.003 


Ca4227 


2.395 


0.270 


-0.271 


-0.037 


0.073 


0.035 


-0.034 


0.901 


0.020 


-0.073 


-0.089 


-0.003 


0.721 


G4300 


4.197 


0.390 


1.981 


0.000 


-0.943 


-0.087 


-0.328 


0.209 


0.001 


-0.028 


-0.162 


0.332 


0.122 


Fe4383 


5.305 


0.530 


0.260 


0.000 


-0.030 


-0.440 


1.686 


-0.335 


-0.045 


-0.100 


-0.025 


0.057 


1.039 


Ca4455 


0.268 


0.250 


-0.036 


0.000 


0.009 


-0.025 


0.032 


-0.064 


-0.006 


-0.005 


0.011 


0.008 


0.091 


Fe4531 


2.420 


0.420 


0.048 


0.000 


-0.012 


-0.181 


0.231 


-0.029 


-0.002 


-0.029 


0.123 


0.563 


0.667 


C 2 4668 


0.010 


0.640 


0.186 


0.000 


-0.008 


-0.139 


0.169 


0.060 


0.028 


-0.004 


-0.069 


0.130 


0.056 


H« 


0.290 


0.220 


0.001 


0.000 


0.001 


-0.004 


-0.010 


-0.008 


0.003 


-0.008 


-0.014 


0.023 


0.024 


Fc5015 


1.165 


0.460 


-0.003 


0.000 


0.000 


-0.579 


0.257 


0.047 


0.050 


-0.002 


-0.033 


0.739 


0.546 


Mgj 


0.163 


0.007 


0.003 


0.000 


0.000 


0.038 


-0.002 


-0.002 


-0.002 


-0.002 


0.002 


0.002 


0.038 


Mg 2 


0.361 


0.008 


0.000 


0.000 


0.000 


0.081 


-0.012 


-0.004 


-0.003 


-0.005 


-0.002 


0.002 


0.065 


Mgb 


5.611 


0.230 


0.008 


0.000 


0.000 


1.262 


-0.235 


-0.046 


-0.044 


-0.067 


-0.242 


-0.032 


0.788 


Fc5270 


2.560 


0.280 


0.000 


0.000 


0.000 


-0.139 


0.478 


0.176 


-0.016 


-0.033 


0.059 


0.037 


0.552 


Fc5270(Sauron) 


2.227 




0.000 


0.000 


0.000 


-0.122 


0.418 


0.169 


-0.014 


-0.029 


0.040 


0.009 


0.465 


Fc5335 


2.096 


0.260 


0.000 


0.000 


0.000 


-0.150 


0.553 


-0.014 


-0.021 


-0.034 


0.107 


0.014 


0.430 


Fe5406 


1.227 


0.200 


-0.001 


0.000 


0.000 


-0.082 


0.313 


-0.013 


-0.011 


-0.019 


0.071 


0.015 


0.281 


Fe5709 


0.272 


0.180 


0.000 


0.000 


0.000 


0.020 


0.080 


-0.003 


-0.051 


-0.003 


0.004 


0.014 


0.108 


Fc5782 


0.105 


0.200 


0.000 


0.000 


0.000 


0.002 


-0.009 


-0.002 


0.000 


-0.001 


0.088 


-0.011 


0.074 


Na D 


3.929 


0.240 


0.000 


0.000 


0.000 


-0.081 


-0.074 


-0.031 


1.352 


-0.040 


0.001 


-0.015 


1.126 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.000 


Ti0 2 


0.000 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.002 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-8.157 


0.480 


-1.687 


0.000 


0.870 


0.521 


-1.091 


-0.187 


0.032 


0.089 


0.036 


-0.410 


-1.254 


HyF 


-2.944 


0.330 


-0.825 


0.000 


0.421 


0.197 


-0.398 


-0.072 


0.016 


0.031 


0.110 


-0.077 


-0.272 


H<5 A 


-4.938 


0.640 


-0.769 


-0.023 


0.237 


0.397 


-1.818 


0.062 


0.054 


0.365 


0.001 


-0.093 


-0.924 


H.5F 


-2.165 


0.400 


-0.173 


-0.005 


0.053 


0.188 


-0.684 


0.074 


0.026 


0.089 


-0.008 


-0.091 


-0.472 



Table 25. Spectral index response: Turnoff star (6383/4. 16/- 1 .35/+0.30) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


Io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.090 


0.021 


-0.002 


0.000 


0.000 


0.000 


0.002 


0.000 


0.000 


0.000 


0.000 


0.001 


-0.001 


CN 2 


-0.066 


0.023 


-0.002 


0.000 


0.000 


0.000 


0.003 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


Ca4227 


0.134 


0.270 


-0.001 


0.000 


0.000 


0.000 


0.006 


0.040 


0.000 


0.000 


-0.005 


0.005 


0.038 


G4300 


-0.227 


0.390 


0.314 


0.000 


0.000 


-0.011 


0.024 


0.050 


-0.001 


-0.004 


-0.010 


0.113 


0.412 


Fe4383 


0.232 


0.530 


0.017 


0.000 


-0.001 


-0.004 


0.085 


-0.028 


0.001 


0.000 


-0.018 


0.068 


0.175 


Ca4455 


0.089 


0.250 


-0.001 


0.000 


0.000 


-0.009 


-0.010 


-0.005 


0.000 


0.000 


0.000 


0.007 


0.012 


Fe4531 


0.404 


0.420 


0.001 


0.000 


0.000 


-0.011 


0.071 


-0.015 


0.000 


0.000 


0.027 


0.126 


0.207 


C 2 4668 


0.126 


0.640 


0.001 


0.000 


0.000 


-0.057 


-0.056 


-0.070 


-0.001 


-0.010 


-0.126 


-0.072 


-0.069 


H/J 


3.647 


0.220 


-0.001 


0.000 


0.000 


0.003 


-0.015 


-0.003 


0.000 


0.002 


0.002 


0.008 


0.058 


Fe5015 


0.605 


0.460 


0.001 


0.000 


-0.016 


-0.002 


0.133 


0.013 


0.006 


0.003 


-0.018 


0.112 


0.299 


Mg, 


-0.004 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


Mg 2 


0.018 


0.008 


0.000 


0.000 


0.000 


0.005 


0.001 


0.000 


0.000 


0.000 


0.000 


0.001 


0.006 


Mgb 


0.546 


0.230 


0.000 


0.000 


0.000 


0.172 


-0.050 


0.000 


-0.001 


-0.001 


-0.021 


0.011 


0.098 


Fc5270 


0.366 


0.280 


0.000 


0.000 


0.000 


0.000 


0.049 


0.063 


0.000 


0.000 


0.002 


0.013 


0.119 


Fc5270(Sauron) 


0.375 




0.000 


0.000 


0.000 


0.000 


0.046 


0.060 


0.000 


0.000 


0.004 


0.008 


0.113 


Fc5335 


0.295 


0.260 


-0.001 


0.000 


0.000 


0.000 


0.047 


0.001 


0.000 


0.000 


0.014 


0.013 


0.075 


Fe5406 


0.142 


0.200 


-0.003 


0.000 


0.000 


0.000 


0.044 


0.000 


0.000 


0.000 


0.012 


-0.013 


0.039 


Fc5709 


0.047 


0.180 


0.000 


0.000 


0.000 


0.012 


0.025 


0.000 


-0.010 


0.002 


0.000 


0.000 


0.033 


Fe5782 


0.007 


0.200 


0.001 


0.000 


0.000 


0.002 


-0.004 


0.000 


0.000 


0.000 


0.008 


0.000 


0.007 


NaD 


0.257 


0.240 


0.000 


0.000 


0.000 


-0.001 


-0.011 


-0.009 


0.057 


-0.003 


0.000 


-0.001 


0.035 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


3.655 


0.480 


-0.250 


0.000 


0.000 


0.034 


-0.081 


-0.036 


0.000 


0.007 


0.012 


-0.101 


-0.318 


HyF 


3.410 


0.330 


-0.104 


0.000 


0.000 


0.016 


-0.023 


-0.013 


0.000 


0.004 


0.010 


-0.010 


-0.067 


HiSA 


4.268 


0.640 


-0.017 


0.000 


0.000 


0.008 


-0.125 


0.000 


0.000 


0.013 


0.004 


-0.019 


-0.058 


HiSF 


3.495 


0.400 


-0.004 


0.000 


0.000 


0.006 


-0.067 


0.002 


0.000 


0.010 


0.002 


-0.010 


-0.029 
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Table 26. Spectral index response: Cool giant (4662/1.83/-1.35/+0.30) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.010 


0.021 


0.030 


0.034 


-0.007 


-0.005 


-0.005 


-0.003 


0.000 


0.002 


-0.002 


0.002 


0.028 


CN 2 


0.008 


0.023 


0.030 


0.036 


-0.006 


-0.006 


-0.006 


-0.003 


-0.001 


0.006 


-0.001 


0.002 


0.033 


Ca4227 


0.085 


0.270 


-0.391 


-0.224 


0.119 


0.081 


0.049 


0.205 


0.006 


0.027 


-0.027 


0.003 


-0.032 


Q430O 


7.885 


0.390 


0.333 


0.000 


-0.326 


-0.128 


-0.157 


0.040 


-0.010 


-0.071 


-0.033 


0.071 


0.115 


Fe4383 


3.316 


0.530 


0.670 


0.000 


-0.148 


-0.209 


0.284 


-0.067 


-0.007 


-0.129 


-0.005 


0.165 


0.607 


Ca4455 


0.346 


0.250 


-0.037 


0.000 


0.008 


-0.001 


-0.041 


-0.003 


-0.002 


0.002 


0.014 


0.005 


0.121 


Fc4531 


2.586 


0.420 


0.043 


0.000 


-0.010 


-0.039 


0.115 


0.002 


0.000 


-0.014 


0.115 


0.247 


0.531 


C 2 4668 


0.762 


0.640 


1.254 


0.000 


-0.151 


-0.032 


0.167 


0.020 


0.006 


-0.074 


-0.135 


0.149 


0.510 


h/j 


0.833 


0.220 


0.004 


0.000 


-0.003 


-0.014 


-0.092 


-0.004 


-0.001 


-0.008 


0.007 


0.070 


0.075 


Fc5015 


3.356 


0.460 


-0.043 


0.000 


0.007 


-0.053 


0.194 


0.021 


0.020 


0.004 


-0.035 


0.335 


0.728 


Mgj 


0.011 


0.007 


0.021 


0.000 


-0.003 


0.005 


-0.001 


0.000 


0.000 


-0.001 


-0.001 


0.000 


0.012 


Mg 2 


0.062 


0.008 


0.013 


0.000 


-0.002 


0.017 


-0.001 


0.000 


0.000 


-0.001 


-0.002 


0.001 


0.019 


Mgb 


0.763 


0.230 


-0.060 


0.000 


0.005 


0.455 


-0.120 


-0.004 


-0.010 


-0.029 


-0.043 


-0.035 


0.133 


Fc5270 


1.487 


0.280 


0.000 


0.000 


0.000 


-0.003 


0.154 


0.081 


0.000 


-0.003 


0.003 


0.082 


0.306 


Fc5270(Sauron) 


1.185 




0.000 


0.000 


0.000 


-0.007 


0.111 


0.076 


0.000 


-0.005 


0.007 


0.039 


0.209 


Fc5335 


1.244 


0.260 


0.000 


0.000 


0.000 


-0.009 


0.157 


0.009 


-0.001 


-0.007 


0.042 


0.019 


0.247 


Fe5406 


0.711 


0.200 


-0.007 


0.000 


0.001 


0.004 


0.135 


0.000 


0.000 


0.001 


0.023 


0.005 


0.180 


Fe5709 


0.448 


0.180 


0.000 


0.000 


0.000 


0.028 


0.093 


0.001 


-0.022 


0.010 


0.003 


0.007 


0.173 


Fe5782 


0.111 


0.200 


0.000 


0.000 


0.000 


0.010 


-0.011 


-0.002 


0.000 


0.005 


0.066 


-0.009 


0.071 


Na D 


0.583 


0.240 


0.000 


0.000 


0.000 


-0.015 


-0.037 


-0.029 


0.173 


-0.021 


0.001 


-0.009 


0.094 


TiO, 


0.001 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


0.001 


Ti0 2 


0.003 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


0.000 


0.001 


0.002 


HyA 


-8.063 


0.480 


-0.079 


0.000 


0.286 


0.155 


-0.219 


-0.039 


0.004 


0.066 


0.073 


-0.205 


-0.561 


HyF 


-2.611 


0.330 


-0.043 


0.000 


0.160 


0.083 


-0.035 


-0.014 


0.004 


0.041 


0.056 


0.011 


-0.019 


H<5 A 


-2.338 


0.640 


-0.680 


-0.134 


0.199 


0.194 


-0.221 


0.009 


0.014 


0.146 


0.021 


-0.105 


-0.519 


IMF 


-0.904 


0.400 


-0.165 


-0.034 


0.049 


0.063 


-0.131 


0.029 


0.005 


0.065 


0.001 


-0.080 


-0.314 



Table 27. Spectral index response: Cool dwarf (5124/4.70/-2.25) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


Io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.038 


0.021 


-0.009 


0.001 


0.003 


0.000 


0.001 


0.000 


0.000 


0.002 


-0.002 


0.000 


-0.005 


CN 2 


-0.032 


0.023 


-0.011 


0.001 


0.003 


0.001 


0.002 


0.000 


0.000 


0.004 


-0.002 


0.001 


-0.004 


Ca4227 


0.301 


0.270 


-0.056 


-0.005 


0.011 


0.004 


0.014 


0.163 


0.000 


-0.008 


-0.018 


0.001 


0.095 


Q430O 


4.313 


0.390 


1.148 


0.000 


-0.408 


-0.107 


-0.224 


0.046 


-0.007 


-0.052 


-0.032 


0.096 


0.559 


Fe4383 


1.702 


0.530 


0.231 


0.000 


-0.023 


-0.048 


0.562 


-0.062 


-0.003 


-0.022 


-0.015 


0.041 


0.649 


Ca4455 


0.099 


0.250 


-0.010 


0.000 


0.002 


-0.001 


0.009 


-0.012 


0.000 


0.000 


0.000 


0.010 


0.037 


Fc4531 


0.530 


0.420 


0.015 


0.000 


-0.003 


-0.027 


0.106 


-0.018 


0.000 


-0.002 


0.025 


0.137 


0.246 


C 2 4668 


0.094 


0.640 


0.019 


0.000 


-0.001 


0.050 


0.096 


0.004 


0.001 


-0.002 


-0.041 


0.011 


0.060 


H« 


1.062 


0.220 


0.000 


0.000 


0.000 


0.004 


-0.006 


-0.004 


0.000 


0.002 


-0.001 


0.000 


0.029 


Fc5015 


0.549 


0.460 


-0.002 


0.000 


0.000 


-0.038 


0.142 


0.005 


0.003 


0.004 


-0.004 


0.143 


0.330 


Mg, 


-0.004 


0.007 


0.000 


0.000 


0.000 


0.004 


-0.002 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.001 


Mg, 


0.046 


0.008 


0.000 


0.000 


0.000 


0.021 


-0.001 


0.000 


0.000 


0.000 


-0.001 


0.001 


0.018 


Mgb 


1.393 


0.230 


-0.001 


0.000 


0.000 


0.590 


-0.064 


-0.002 


-0.002 


-0.012 


-0.048 


0.010 


0.449 


Fe5270 


0.639 


0.280 


0.000 


0.000 


0.000 


0.002 


0.200 


0.061 


0.000 


-0.002 


0.015 


0.004 


0.268 


Fe5270(Sauron) 


0.605 




0.000 


0.000 


0.000 


0.000 


0.175 


0.059 


-0.001 


-0.003 


0.010 


0.002 


0.234 


Fc5335 


0.641 


0.260 


0.000 


0.000 


0.000 


-0.003 


0.204 


0.000 


-0.001 


-0.004 


0.028 


0.005 


0.215 


Fe5406 


0.312 


0.200 


0.000 


0.000 


0.000 


0.000 


0.095 


0.000 


0.000 


-0.002 


0.017 


-0.003 


0.111 


Fc5709 


0.070 


0.180 


0.000 


0.000 


0.000 


0.008 


0.036 


0.000 


-0.006 


0.001 


0.000 


0.000 


0.051 


Fc5782 


0.010 


0.200 


0.000 


0.000 


0.000 


0.001 


-0.003 


0.000 


0.000 


0.000 


0.009 


0.000 


0.010 


Na D 


0.584 


0.240 


0.000 


0.000 


0.000 


-0.002 


-0.015 


-0.006 


0.226 


-0.004 


0.000 


-0.002 


0.192 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-4.280 


0.480 


-1.150 


0.000 


0.390 


0.170 


-0.214 


-0.041 


0.008 


0.061 


0.033 


-0.099 


-0.948 


HyF 


-1.464 


0.330 


-0.594 


0.000 


0.198 


0.084 


-0.077 


-0.015 


0.004 


0.032 


0.033 


-0.006 


-0.373 


H<5 A 


-1.119 


0.640 


-0.263 


-0.003 


0.053 


0.061 


-0.543 


0.000 


0.003 


0.042 


0.001 


-0.010 


-0.546 


HiSF 


-0.046 


0.400 


-0.068 


-0.001 


0.014 


0.029 


-0.208 


0.003 


0.002 


0.034 


0.000 


-0.008 


-0.199 
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Table 28. Spectral index response: Turnoff star (6724/4. 15/-2.25) 



(1) 




(2) 


(3) 




(4) 




(5) 


(6) 




(7) 




(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




Io 


Error 




c 




N 


o 




Mg 




Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


.124 


0.021 





.000 


(1 


.00(1 


0.000 





.000 





001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


CN 2 


-0 


.097 


0.023 





000 





00(1 


0.000 





000 





002 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


Ca4227 





.069 


0.270 





000 





00(1 


0.000 





.000 





015 


0.009 


0.000 


0.000 


-0.003 


0.001 


0.011 


G4300 


-1 


.475 


0.390 





016 





(10(1 


0.000 





000 





017 


0.037 


0.000 


0.000 


-0.004 


0.060 


0.109 


Fc4383 


-0 


.330 


0.530 





001 





(10(1 


0.000 


-0 


.001 





043 


-0.020 


0.000 


0.000 


-0.001 


0.031 


0.059 


Ca4455 





.035 


0.250 





.000 





.00(1 


0.000 


-0 


.004 





010 


-0.005 


0.000 


0.000 


0.000 


0.009 


0.017 


Fe4531 





.098 


0.420 





000 





00(1 


0.000 


-0 


.001 





037 


-0.006 


0.000 


0.000 


0.007 


0.018 


0.063 


C 2 4668 


-0 


014 


0.640 





000 





(10(1 


0.000 





.016 


-0 


.007 


0.001 


0.000 


-0.001 


0.014 


0.030 


-0.001 


B/S 


4 


.485 


0.220 





000 





00(1 


0.000 





000 





001 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.035 


Fe5015 





.102 


0.460 





.000 





.00(1 


0.000 





.000 





.063 


0.002 


0.001 


0.000 


0.000 


0.016 


0.095 


Mg, 


-0 


.006 


0.007 





000 





.00(1 


0.000 





.000 


-0 


.001 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


Mg 2 





.006 


0.008 





000 





(10(1 


0.000 





.001 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.002 


Mgb 





.298 


0.230 





000 





(10(1 


0.000 





.050 





001 


0.000 


0.000 


0.000 


-0.019 


0.005 


0.036 


Fc5270 





.110 


0.280 





.000 





.00(1 


0.000 





.000 





034 


0.019 


0.000 


0.000 


0.000 


0.001 


0.052 


Fe5270(Sauron) 





.125 







.000 





.00(1 


0.000 





.000 





.038 


0.019 


0.000 


0.000 


0.001 


0.001 


0.057 


Fc5335 





.112 


0.260 





.000 





.00(1 


0.000 





.000 





045 


0.000 


0.000 


0.000 


0.003 


0.003 


0.050 


Fc5406 





052 


0.200 


-0 


001 





(10(1 


0.000 





000 





029 


0.000 


0.000 


0.000 


0.004 


-0.002 


0.029 


Fc5709 





.007 


0.180 





000 





(10(1 


0.000 





.002 





006 


0.000 


-0.002 


0.001 


0.000 


0.000 


0.007 


Fc5782 





.001 


0.200 





.000 





.00(1 


0.000 





.000 


-0 


.001 


0.000 


0.000 


0.000 


0.001 


0.000 


0.001 


Na D 





.147 


0.240 





.000 





.00(1 


0.000 





.000 


-0 


003 


-0.001 


0.030 


0.000 


0.000 


0.000 


0.026 


TiO] 





.000 


0.007 





000 





00(1 


0.000 





.000 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 





.000 


0.006 





000 





00(1 


0.000 





000 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Hy A 


5 


.781 


0.480 


-0 


Oil 





(10(1 


0.000 





.011 


-0 


.035 


-0.024 


0.000 


0.001 


-0.004 


-0.044 


-0.063 


HyF 


4 


.539 


0.330 


-0 


.005 





.00(1 


0.000 





.005 


-0 


011 


-0.009 


0.000 


0.000 


0.000 


-0.005 


0.003 


H<SA 


5 


.984 


0.640 


-0 


.001 





00(1 


0.000 





.001 


-0 


069 


0.000 


0.000 


0.002 


-0.003 


-0.003 


-0.022 


H<SF 


4 


.548 


0.400 





000 





00(1 


0.000 





.000 


-0 


.034 


0.000 


0.000 


0.001 


0.001 


-0.001 


-0.010 



Table 29. Spectral index response: Cool giant (4822/1. 83/-2.25) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


Io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.027 


0.021 


-0.010 


0.001 


0.001 


0.001 


0.002 


0.000 


0.000 


0.001 


-0.001 


0.002 


-0.005 


CN 2 


-0.017 


0.023 


-0.012 


0.001 


0.001 


0.001 


0.003 


0.000 


0.000 


0.001 


0.000 


0.002 


-0.003 


Ca4227 


0.107 


0.270 


-0.053 


-0.008 


0.003 


0.004 


0.023 


0.051 


0.000 


0.001 


-0.010 


0.009 


0.026 


G4300 


5.319 


0.390 


1.200 


0.000 


-0.101 


-0.092 


-0.078 


0.049 


-0.005 


-0.073 


-0.022 


0.127 


1.069 


Fe4383 


1.480 


0.530 


0.164 


0.000 


-0.003 


-0.013 


0.175 


-0.036 


0.000 


-0.008 


-0.020 


0.146 


0.519 


Ca4455 


0.198 


0.250 


-0.008 


0.000 


0.000 


-0.001 


-0.024 


-0.004 


0.000 


0.000 


0.001 


0.012 


0.053 


Fc4531 


1.078 


0.420 


0.011 


0.000 


-0.001 


-0.021 


0.120 


-0.020 


0.000 


0.003 


0.048 


0.257 


0.426 


C 2 4668 


0.106 


0.640 


0.037 


0.000 


-0.001 


0.095 


0.068 


0.006 


0.001 


-0.005 


-0.112 


0.061 


0.082 


H« 


0.916 


0.220 


0.002 


0.000 


0.000 


0.000 


-0.038 


-0.004 


0.000 


0.000 


0.007 


0.019 


0.023 


Fe5015 


1.391 


0.460 


-0.003 


0.000 


0.000 


0.003 


0.145 


0.008 


0.004 


0.008 


-0.008 


0.233 


0.561 


Mg, 


-0.005 


0.007 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.001 


Mg, 


0.023 


0.008 


0.000 


0.000 


0.000 


0.004 


0.000 


0.000 


0.000 


0.000 


-0.001 


0.002 


0.005 


Mgb 


0.410 


0.230 


-0.002 


0.000 


0.000 


0.124 


-0.120 


0.000 


-0.001 


-0.002 


-0.025 


0.016 


-0.022 


Fe5270 


0.690 


0.280 


0.000 


0.000 


0.000 


0.004 


0.114 


0.068 


0.000 


0.004 


0.004 


0.026 


0.204 


Fe5270(Sauron) 


0.617 




0.000 


0.000 


0.000 


0.002 


0.071 


0.066 


0.000 


0.002 


0.005 


0.016 


0.156 


Fc5335 


0.709 


0.260 


0.000 


0.000 


0.000 


0.002 


0.075 


0.002 


0.000 


0.002 


0.034 


0.023 


0.152 


Fe5406 


0.378 


0.200 


-0.001 


0.000 


0.000 


0.003 


0.076 


0.000 


0.000 


0.002 


0.018 


-0.028 


0.092 


Fe5709 


0.134 


0.180 


0.000 


0.000 


0.000 


0.012 


0.050 


0.000 


-0.007 


0.003 


0.000 


0.001 


0.080 


Fc5782 


0.022 


0.200 


0.000 


0.000 


0.000 


0.001 


-0.004 


0.000 


0.000 


0.000 


0.015 


-0.001 


0.020 


Na D 


0.357 


0.240 


0.000 


0.000 


0.000 


0.000 


-0.021 


-0.008 


0.053 


-0.002 


0.000 


-0.003 


0.042 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


Ti0 2 


0.000 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.001 


HyA 


-4.620 


0.480 


-1.212 


0.000 


0.097 


0.119 


-0.077 


-0.046 


0.005 


0.074 


0.081 


-0.155 


-1.246 


HyF 


-1.334 


0.330 


-0.637 


0.000 


0.049 


0.059 


0.004 


-0.016 


0.003 


0.039 


0.055 


0.013 


-0.468 


HSA 


-0.508 


0.640 


-0.260 


-0.005 


0.012 


-0.017 


-0.231 


-0.002 


0.001 


0.027 


-0.018 


-0.070 


-0.428 


HiSF 


0.080 


0.400 


-0.059 


-0.001 


0.003 


0.005 


-0.113 


0.003 


0.000 


0.022 


0.005 


-0.024 


-0.234 
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Table 30. Spectral index response: Cool dwarf (5124/4.70/-2.25/+0.30) 



(1) 




(2) 


(3) 




(4) 




(5) 




(6) 


(7) 




(8) 




(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




In 


Error 




c 




N 







Mg 




Fc 




Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


.037 


0.021 


-0 


.009 





001 





.003 


0.001 





001 





.000 


0.000 


0.003 


-0.001 


0.000 


-0.004 


CN 2 


-0 


.032 


0.023 


-0 


Oil 





001 





004 


0.001 





002 





000 


0.000 


0.005 


-0.001 


0.001 


-0.002 


Ca4227 





.327 


0.270 


-0 


.058 


-0 


006 





012 


0.005 





009 





172 


0.000 


-0.009 


-0.013 


0.001 


0.100 


G4300 


4 


.526 


0.390 


1 


.128 





000 


-0 


.439 


-0.120 


-0 


. 1 63 





048 


-0.007 


-0.057 


-0.024 


0.099 


0.581 


Fe4383 


1 


.303 


0.530 





.240 





000 


-0 


027 


-0.053 





.434 


-0 


.065 


-0.002 


-0.024 


-0.009 


0.043 


0.488 


Ca4455 





.072 


0.250 


-0 


.010 





000 





002 


-0.001 





008 


-0 


.012 


0.000 


0.000 


-0.001 


0.008 


0.018 


Fe4531 





.442 


0.420 





.018 





000 


-0 


004 


-0.026 





083 


-0 


018 


0.000 


-0.001 


0.018 


0.142 


0.206 


C 2 4668 





093 


0.640 





.019 





000 


-0 


001 


0.057 





047 





.005 


0.001 


-0.001 


-0.019 


0.011 


0.075 


H« 


1 


.040 


0.220 


-0 


.001 





000 





000 


0.004 





005 


-0 


004 


0.001 


0.002 


0.000 


0.000 


0.028 


Fc5015 





438 


0.460 


-0 


.003 





.000 





.000 


-0.050 





.098 





.006 


0.003 


0.003 


-0.002 


0.149 


0.258 


Mgj 


-0 


.002 


0.007 





.000 





.000 





000 


0.005 


-0 


002 





.000 


0.000 


0.000 


0.000 


0.000 


0.002 


Mg 2 





.049 


0.008 





.000 





000 





000 


0.021 


-0 


001 





000 


0.000 


-0.001 


0.000 


0.001 


0.020 


Mgf) 


1 


.546 


0.230 


-0 


.001 





000 





000 


0.585 


-0 


053 


-0 


.002 


-0.002 


-0.019 


-0.038 


0.009 


0.482 


Fc5270 





.509 


0.280 





.000 





.000 





000 


-0.008 





.152 





.065 


0.000 


-0.003 


0.010 


0.004 


0.220 


Fe5270(Sauron) 





493 







.000 





.000 





000 


-0.009 





.133 





.063 


0.000 


-0.004 


0.008 


0.002 


0.192 


Fc5335 





495 


0.260 





.000 





000 





000 


-0.011 





.151 





.001 


0.000 


-0.005 


0.022 


0.006 


0.163 


Fe5406 





.242 


0.200 





.000 





000 





000 


-0.005 





067 





000 


0.000 


-0.002 


0.016 


-0.003 


0.075 


Fe5709 





.045 


0.180 





000 





000 





000 


0.006 





024 





.000 


-0.006 


0.000 


0.000 


0.000 


0.033 


Fe5782 





.006 


0.200 





.000 





000 





000 


0.000 


-0 


002 





.000 


0.000 


0.000 


0.005 


-0.001 


0.005 


Na D 





.619 


0.240 





.000 





.000 





.000 


-0.012 


-0 


.013 


-0 


.007 


0.238 


-0.007 


0.000 


-0.002 


0.198 


TiO, 





.000 


0.007 





.000 





000 





000 


0.000 





000 





.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


-0 


.001 


0.006 





.000 





000 





000 


0.000 





000 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-4 


.187 


0.480 


-1 


.115 





000 





.416 


0.185 


-0 


174 


-0 


.043 


0.008 


0.065 


0.026 


-0.103 


-0.858 


HyF 


-1 


.448 


0.330 


-0 


.579 





.000 





.211 


0.092 


-0 


066 


-0 


015 


0.005 


0.035 


0.027 


-0.006 


-0.327 


H<5 A 


-0 


.781 


0.640 


-0 


.268 


-0 


003 





059 


0.053 


-0 


432 


-0 


002 


0.003 


0.043 


0.001 


-0.011 


-0.438 


H.5F 





104 


0.400 


-0 


.070 


-0 


001 





016 


0.026 


-0 


162 





.003 


0.001 


0.034 


0.000 


-0.008 


-0.144 



Table 31. Spectral index response: Turnoff star (6724/4. 15/-2.25/+0.30) 



(1) 




(2) 


(3) 




(4) 




(5) 


(6) 




(7) 




(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 




In 


Error 




c 




X 


o 




Mg 




Fc 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0 


123 


0.021 





000 





000 


0.000 





000 





001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


CN 2 


-0 


097 


0.023 





000 





000 


0.000 





.000 





001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ca4227 





.067 


0.270 





000 





000 


0.000 





000 





017 


0.009 


0.000 


0.000 


-0.003 


0.001 


0.013 


G4300 


-1 


.460 


0.390 





.016 





.000 


0.000 





.000 





.007 


0.038 


0.000 


0.000 


-0.006 


0.063 


0.103 


Fc4383 


-0 


.366 


0.530 





.001 





.000 


0.000 


-0 


.001 





039 


-0.020 


0.000 


0.000 


-0.001 


0.032 


0.052 


Ca4455 





.025 


0.250 





000 





000 


0.000 


-0 


.004 





008 


-0.005 


0.000 


0.000 


0.000 


0.009 


0.013 


Fc4531 





.066 


0.420 





000 





000 


0.000 


-0 


001 





028 


-0.006 


0.000 


0.000 


0.004 


0.019 


0.048 


C 2 4668 


-0 


.002 


0.640 





000 





000 


0.000 





.016 





025 


0.001 


0.000 


-0.001 


-0.007 


0.001 


0.006 


HP 


4 


.462 


0.220 





.000 





.000 


0.000 





.000 





.001 


-0.001 


0.000 


0.000 


0.000 


0.001 


0.026 


Fe5015 





.060 


0.460 





.000 





.000 


0.000 





.000 





.040 


0.002 


0.001 


0.000 


0.000 


0.017 


0.066 


Mg, 


-0 


.005 


0.007 





000 





000 


0.000 





000 


-0 


001 


0.000 


0.000 


0.000 


0.000 


0.000 


-0.001 


Mg 2 





006 


0.008 





000 





000 


0.000 





.001 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.002 


Mg* 





.307 


0.230 





.000 





.000 


0.000 





.050 





008 


0.000 


0.000 


0.000 


-0.014 


0.005 


0.049 


Fc5270 





.087 


0.280 





.000 





.000 


0.000 





.000 





.027 


0.020 


0.000 


0.000 


0.000 


0.001 


0.047 


Fc5270(Sauron) 





.096 







.000 





.000 


0.000 





.000 





.032 


0.020 


0.000 


0.000 


0.001 


0.001 


0.052 


Fc5335 





076 


0.260 





000 





000 


0.000 





000 





038 


0.000 


0.000 


0.000 


0.002 


0.003 


0.042 


Fe5406 





.030 


0.200 


-0 


.001 





.000 


0.000 





.000 





.022 


0.000 


0.000 


0.000 


0.002 


-0.002 


0.021 


Fc57()9 





.004 


0.180 





.000 





.000 


0.000 





.002 





003 


0.000 


-0.002 


0.000 


0.000 


0.000 


0.004 


Fe5782 





.001 


0.200 





000 





.000 


0.000 





.000 





.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.001 


Na D 





.151 


0.240 





000 





000 


0.000 





.000 


-0 


.002 


-0.002 


0.030 


0.000 


0.000 


0.000 


0.026 


TiO, 





.000 


0.007 





000 





000 


0.000 





000 





000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 





.000 


0.006 





000 





.000 


0.000 





.000 





.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Hy A 


5 


.776 


0.480 


-0 


.012 





.000 


0.000 





.012 


-0 


.026 


-0.025 


0.000 


0.001 


-0.005 


-0.046 


-0.067 


HyF 


4 


.528 


0.330 


-0 


005 





000 


0.000 





005 


-0 


.008 


-0.009 


0.000 


0.000 


-0.001 


-0.005 


-0.001 


H<SA 


5 


999 


0.640 


-0 


.001 





000 


0.000 





.001 


-0 


.052 


0.000 


0.000 


0.002 


-0.002 


-0.003 


-0.018 


H<SF 


4 


.555 


0.400 





000 





000 


0.000 





001 


-0 


.025 


0.000 


0.000 


0.001 


0.000 


-0.001 


-0.006 



A.J. Korn et al.: The sensitivity of Lick indices to abundance variations 
Table 32. Spectral index response: Cool giant (4822/1. 83/-2.25/+0.30) 



(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


Index 


io 


Error 


C 


N 





Mg 


Fe 


Ca 


Na 


Si 


Cr 


Ti 


[Z/H] 


CN, 


-0.028 


0.021 


-0.010 


0.001 


0.001 


0.001 


0.003 


0.000 


0.000 


0.001 


-0.001 


0.002 


-0.003 


CN 2 


-0.021 


0.023 


-0.012 


0.001 


0.001 


0.001 


0.004 


0.000 


0.000 


0.002 


0.000 


0.002 


-0.001 


Ca4227 


0.102 


0.270 


-0.053 


-0.009 


0.003 


0.003 


0.016 


0.053 


0.000 


0.001 


-0.006 


0.010 


0.016 


G4300 


5.377 


0.390 


1.175 


0.000 


-0.108 


-0.097 


-0.030 


0.047 


-0.006 


-0.077 


-0.015 


0.128 


1.082 


Fe4383 


1.247 


0.530 


0.168 


0.000 


-0.003 


-0.014 


0.134 


-0.037 


0.000 


-0.009 


-0.017 


0.148 


0.479 


Ca4455 


0.168 


0.250 


-0.008 


0.000 


0.000 


-0.002 


-0.015 


-0.004 


0.000 


0.000 


-0.001 


0.010 


0.039 


Fe4531 


0.948 


0.420 


0.012 


0.000 


-0.001 


-0.021 


0.097 


-0.020 


0.000 


0.003 


0.035 


0.261 


0.386 


C 2 4668 


0.128 


0.640 


0.039 


0.000 


-0.001 


0.022 


0.119 


0.006 


0.001 


-0.005 


-0.073 


0.061 


0.097 


H« 


0.905 


0.220 


0.002 


0.000 


0.000 


0.000 


-0.013 


-0.005 


0.000 


0.000 


0.004 


0.020 


0.027 


Fe5015 


1.175 


0.460 


-0.003 


0.000 


0.000 


0.003 


0.161 


0.009 


0.004 


0.009 


-0.005 


0.238 


0.508 


Mgj 


-0.006 


0.007 


0.000 


0.000 


0.000 


0.001 


0.001 


0.000 


0.000 


0.000 


-0.001 


0.000 


0.002 


Mg 2 


0.023 


0.008 


0.000 


0.000 


0.000 


0.004 


0.001 


0.000 


0.000 


0.000 


-0.001 


0.002 


0.006 


Mgb 


0.542 


0.230 


-0.002 


0.000 


0.000 


0.128 


-0.102 


0.000 


-0.001 


-0.002 


-0.024 


0.016 


0.003 


Fc5270 


0.605 


0.280 


0.000 


0.000 


0.000 


0.004 


0.103 


0.071 


0.000 


0.003 


0.005 


0.028 


0.202 


Fc5270(Sauron) 


0.558 




0.000 


0.000 


0.000 


0.002 


0.067 


0.069 


0.000 


0.002 


0.005 


0.017 


0.155 


Fc5335 


0.615 


0.260 


0.000 


0.000 


0.000 


0.002 


0.065 


0.002 


0.000 


0.002 


0.032 


0.022 


0.132 


Fe5406 


0.293 


0.200 


-0.001 


0.000 


0.000 


0.003 


0.060 


0.000 


0.000 


0.002 


0.019 


-0.029 


0.068 


Fe5709 


0.087 


0.180 


0.000 


0.000 


0.000 


0.012 


0.039 


0.000 


-0.008 


0.003 


0.000 


0.001 


0.060 


Fe5782 


0.012 


0.200 


0.000 


0.000 


0.000 


0.001 


-0.003 


0.000 


0.000 


0.000 


0.008 


-0.001 


0.011 


Na D 


0.360 


0.240 


0.000 


0.000 


0.000 


0.000 


-0.014 


-0.008 


0.053 


-0.002 


0.000 


-0.004 


0.039 


TiO, 


0.000 


0.007 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


Ti0 2 


-0.001 


0.006 


0.000 


0.000 


0.000 


0.000 


0.001 


0.000 


0.000 


0.000 


0.000 


0.000 


0.000 


HyA 


-4.572 


0.480 


-1.172 


0.000 


0.104 


0.124 


-0.084 


-0.044 


0.005 


0.077 


0.069 


-0.159 


-1.218 


HyF 


-1.354 


0.330 


-0.620 


0.000 


0.052 


0.062 


-0.007 


-0.016 


0.003 


0.041 


0.050 


0.011 


-0.474 


H<5 A 


-0.376 


0.640 


-0.234 


-0.005 


0.013 


0.014 


-0.178 


-0.003 


0.001 


0.027 


0.008 


-0.040 


-0.380 


HSF 


0.216 


0.400 


-0.061 


-0.001 


0.003 


0.006 


-0.088 


0.002 


0.000 


0.022 


0.003 


-0.024 


-0.194 



